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PREFACE 


The contacts with and applications of the principles of Electro- 
chemistiy to the processes of Klectrode])osition are both 
numerous and varied. Recent a})plications of these })rinciples, 
and especially those concerned with the deposition of metals, 
have been largely due to the more scientific exj)loration of the 
problems than was formerly the case. This instances the neetl 
for some ap])reciation of these |)rinciples by those who are 
intimately concerned with the pi’oblems of Electrodeposition, 
wliether from the ex])eiimental or industrial points of view. 

Model’ll works on Electro-chemistry, howevei', do not. 
in their necessaril\' broadei’ treatment of the subject, em- 
jihasize those points of contact which are particularly relevant 
to Elect rode posit ion. 

The need for some more simple treatment of the.se prin- 
ciples has been stressed in the mind of the author by long 
educational experience, and he essays the task with some 
trepidation in view of the wide range of knowledge which has 
to be bridged over in an attempt to jiresent a sinijile yet 
convincing account of the deeper problems of the science of 
Electrode|)osition, while avoiding the mathematical tieatment 
called for by the requirements of the more academic student, 
and which cliaracteri/.es the modern literature on tlie subject. 

The fact also that educational courses in Electrodeposition 
re(piire some systematic knowledge of tlie science of Electro- 
clumii.stry seems to justify this more sjiecialized treatment of 
the subject witli an industrial bias, and the knowledge of first 
princijiles thus gained should assist in the easier accpiisition 
and appreciation of the new discoveries and points of view 
which are from time to time coming forward with the advance 
of lh(‘ scienc(‘ and art of Electrodeiiosition. 
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PREFACE 


In tlie present volume the author has drawn generously from 
current literature. The.se numerous sources of information 
are hereby freely and gratefully acknowledged. This applies 
l)art,cularly to the many tables and diagrams to illustrate 
and emphasize the essential points in the general argument. 

The volume may thus be regarded as the theoretical com- 
pamon of Electroplatimj, which now passes into its fourth 
edition. Home little overlapjiing will be noticeable. This is 
not only unavoidable, but is even desirable. 

Notwithstanding this bias, however, towards the proce.s.ses 
of some phases of industrial Electro-chemistry, the volume 
may still .serve a useful introduction to the more general 
student of Electro-chemistry who may feel unable to plunge 
at once into the deeper issues of the subject. 

Finally , sincere and grateful acknowledgment is due and 

made to Messrs. Baird & Tatlock, Ltd., Me.ssr.s. F. E. Becker 

& Co., Ltd., and The British Drug Hou.ses for the loan of a 
number of illu.strations. 

H. F. 
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THE PRINCIPLES OE 
ELECTRODEPOSITION 


('HAPTER I 


INTKOD POTION 

Progress of Scientific Thought. A survey of the progress of 
seieiitilic tliouglit at oiu-e reveals the fact that those organized 
studies into the things of nature which ai*e l>i’ielly referred to 
as tlie sciences tind their origin in comparatively recent times. 

d'lie birth of cliemisti v can onlv be dated back to the time of 

• ^ 

Lavoisier who, late in the eighteenth centuiv. laid the founda- 
tion of definite knowledge of tlie composition of many sub- 
stances. in addition to overthrowing the previously conceived 
notions of phlogiston as an ex|)lana1ion of the (*rudely observed 
facts of the process of combustion. 

With tlie accumulation of facts which (|uickly came to light, 
there c-ame the need for some simple conception as to the 
manner by which tliese observations wei’e to be explained and. 
on the (piantitative side, the atomic theory of Dalton enunciated 
in the dawn of the nineteenth century, supplied, to a great 
extent, that felt need. The science of chemistry c*annot there- 
fore be datod ])rior to about one hundred and Hfty years ago. 

Similarly, the sim})le facts of the electric current were 
observed with the introduction of the earliest type of voltaic 
cell at the end of the eighteenth century, while the pioneering 
work of Faraday laid the foundations u|>on which so much 
electrical development was subsec|uentiy built. 

Sooner or later it became obvious that numerous scientific 
problems were of an overlapping character, being not too 
definitely assignable to any one of the then more or less water- 
tight comi)artments of science into which previous develop- 
ments had been gi‘ou|>ed. 


1 
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As a I’CHult, new borderline sciences began to take shape, but 
though they found their origin in these early times they did 
not establish themselves until much later. Illustrative of these 
borderline studies may be mentioned the fact that Dalton’s 
atomic theory with the then observed quantitative facts were, 
in themselves, insufficient to provide an adequate basis for the 
determination of many molecular and atomic weights, and we 
had to wait for the enunciation of that important law relative 
to the ciuantitative behaviour of gases mIhcIi is inseparably 
associated with the name of Avogadro, for a solution to the 
problem. Atomic and molecular weight determinations thus 
became problems requiring the experimental work and thought 
ot both the chemist and the ])hysicist. These contacts of physics 
and chemistry sooner or later gave rise to the subject of ])hysical 
chemistrv. 

4 

Similar developments can be instanced in many other cases. 
The ramifications of chemistry soon became so numerous, 
divei’se, and complex as to necessitate subdivisions and give 
rise to new departments of science. Thermo-chemistry is, for 
example, concerned with a study of the thermal changes which 
accompany chemical change. Photo chemistry concerns the 
effects of light energy on chemical change and, in one more 
practical form, takes charge of the chemical side of photo- 
graphy. Physiological chemistry is another term sufficiently 
descriptive of its scope. 

In much the same way there was boi‘n the subject of electro- 
chemistry. The earliest work in this direction was that done 
by the pioneers of the voltaic cell, an appliance in which 
chemical changes were effected so that the energy set free was 
obtainable in the electrical form. Not long after, the isolation 
of tlie alkali metals by Davy emphasized the intimate relation- 
ship between the subject of chemistry and electricity, while 
further impetus to these studies was given by the epoch- 
marking work of Faraday who, as the result of his painstaking 
work, enunciated the laws of (luantitative electro-chemical 
change. 

On the other hand, the development of concej)tions ade(|uate 
to ex|)lain these observed facts was less rapid. While some 
formulation of a theory of electrolysis was attemi)ted in the 
earliest history of the subject, it was not until the time of 
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(Uausiiis in 1857 that we had any clear idea giveji to us of the 
existence of ions in an electrolyte prior to the ini])re.ssion of 

the electrical influence, wliile the more elaborate theory of 

' « ' 

electrolytic dissociation definitely found its origin in the 
suggestion of Arrhenius in 1887 that this prior se])aration of the 
electrolyte molecules into charged ions was already far advanced 
in aqueous solutions, and constituted the first step in the ]>rocess 
of electrolytic decomposition. 

Definitions. In order to ])roceed to the discussion of even the 


elements of the new science it becomes necessary to formulate 

« 

some sim])le definitions which will embrace the conce])tions to 
be attached to the language em])loyed in the subject. Defini- 
tions are notoriously difficult, inasmuch as in them there is 
the endeavour to com|)ress a wide aiiuy of experience in the 
most con)|)act form. Most definitions are tlierefore .sus<*e|)tible 
to criticism, and a limited measure of elasticity must b(‘ 
exercised in their use. Nevertheless, there is tlie great desir- 
ability to ado])t language which, by common consent, is the 
most ap|)roj)riate. and for this purpose the Ifi'itish Standards 
Institution undertakes, amongst its numeious duties, that of 
the formulation of definitions, and those relating to the science 
of electro-chemistry are embodied in its (dossary of Electrical 
fl'erms. It is from this source that the follow ing definitions are 
mainly drawn. 

By electro-chemistry then, is understood that "branch of 
physical chemistry dealing with the relation between, and 
mutual transformation of. chemical and electrical energy.” 
Explanatory of this, it may be recalled that all chemical 
changes are accomj)anied by changes in energy. Energy is 
frecpiently set free in the form of heat. In voltaic cells, however, 
the arrangement is such that the chemical energy set free 
by the materials used appears in the electrical form. The 
reverse transformation is widely possible, while the ordinary 
accumulator provides an arrangement of chemical materials 
through the me<lium of which, during the charging and dis- 
charging imjcesses. the transformations of electrical to chemical 
and chemical to electrical energy respectively take place. The 
usual plienomena of electrolysis are included in this conception. 
The ac{*umulator is essentially an electro-chemical cell. 

Electrolytic dis.sociation (ionization) is “the reversible 
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resolution of certain substances into oppositely charged ions.” 
This is exemphfied in the case of sodium chloride thus — 


NaCl ^ Na. + Gl- 
and these ions are ‘‘atoms or radicals carrying a charge of 
positive or negative electricity in excess of the charges normally 
associated with the electrically neutral atom or radical.” Thus 
the sodium ion is a sodium atom carrying a unit positive 
charge. In terms of the electronic theory this means an atom 
of sodium which has lost a (negativ^e) electron. With the 
usually accepted mass of the electron (about 1 -f- 1 800 of that 
of the hydrogen atom), there is no a[)preciable difference 
between tlie mass of the atom and ion. From the fact that 
sodium ions are stable in water in which they can exist in 
considerable concentration, we must attribute to them vastly 
different properties from those associated with the atom. 
Similarly, the chlorine ion is a chlorine atom canying an 
additional electron (or negative charge). 

Some ions are simple while others are more complex. A 
complex ion is one ‘'which, under suitable conditions, may be 
further resolved into more sim])le ions, or results from the 
association of more simple ions.’' For example, the dis.sociation 
of potassium argento-cyanide ])roceeds in two stages — 

AgCN . KGN K. + Ag(GN).. 

Ag(CN).,- ^ Ag. + 2GN- 

Ag(CN) 2 - is thus a complex ion. 

Similarly the solution of ferrous cyanide in potassium 
cyanide involves the formation of a complex ion thus — 

Fe(CN )2 ^ Fe.. + 2 CN" 

4KCN ^ 4K. + 4CN- 


Fe.. + 2CN- + 4CN 


Fe(CN) 
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An electrode, in electrolysis, means “a conductor of the 
metallic class by means of which electrons ])ass to or from an 
electrolyte,” electrons leaving at the anode and entering at 
the cathode. 

During electrolysis ions move in an orderly manner towards 
these electrodes. This motion is known as the “migration of 
ions,” those migrating under the influence of an applied P.D. 



TNTRODUOTIOX 


to the anode being anions, while those which siniultaneously 
migrate to the cathode are cathions or cations. 

On the basis of these definitions tliat for electrolysis can now 
be expressed as '‘the production of clieinical changes by ionic 
migration and discharge in accordance with Faraday’s laws.” 
Tliese laws will be dealt witli in detail later. The term electro- 
lyte can now be regarded as connoting “a conducting medium 
in which the electric current consists in the migration and 
discharge of ions in accordance with Faraday’s laws.” This 
definition, it will be observed, has no a|)plication to such 
substances as solid coppei' sulphate, and a|)plies only to the 
conducting solutions produced in an ionizing medium. In 
common parlance, however, the term electrolyte is frequently 
a])plied to the solid substance. An alternative term ‘'ionogen”* 
has been suggested for the solid indicating that, in solution, 
it is resolvable into ions. 

In view of the fact that portions of the electrolyte suffer 

different changes in com|)osition in proximity to the anode 

and catluxle. it is pro])osed to use the term “anolyte” to ‘ that 

|)ortion of the electrolyte which surrounds or is near to the 

anode and is changed in chemical comj)osition or concentration 

by reactions taking |)lace at the anode,” while the “catholyte” 

refers to “that portion of the electrolvte which surrounds 

* ^ 

()!• is near to the cathode, and is changed in chemical comj)osition 
or concentration l)y reactions taking place at the cathode.” 

ddiese few terms will suffice as a starting point. Their 
fuller meaning will become more ap])arent as a discussion of 
electrolytic phenomena proceeds. In general, too, an elec- 
trolytic cell will be regarded as “a system of electrodes and 
one or more electrolytes, e.g. a voltaic (;ell or an electroplating 
bath.” 

Early Conceptions. It must be admitted that the salient 
facts of the ap|>li(*ation of the electric current to effect chemical 
change were early and accurately noticed, this excellent work 
laying the sound foundation of the subject. At the same 
time there was some attempt to devise a system of terms 
for the new science. Many of these have persisted to the 
present, but they have assumed different interpretations with 
the advance in our knowledge of the fundamental changes 

* Trans. Atner. I'Jlcctro-chetn. Soc., V'ol. XLVIl, p. 123. 
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in which they play theii' little ])art. For example, the term 
electrolysis from its construction suggests the idea of the 
analysis or decomposition of chemical compounds by means 
of the electric current. In the light of more recent conceptions 
this definition is wholly inadecjuate. 

Far from electrolysis being concerned only with tlie decom- 
position of chemical substances, there are numerous electro- 
chemical manufEictures to-day in which new chemical com- 
pounds are built up through the medium of electro-chemical 
reactions, while many electro-chemical changes are effected in 
which the transformation of the chemical energy resident in 
chemical substances is efficiently transformed into electrical 
energy and vice versa, this being strikingly instanced in the 
case of the accumulator. The whole development of the science 
has called for a more careful scheme of definitions in view of 
the w ide range covered by the observed phenomena, and the 
task has not proved an altogether easy one. 

Early Theories of Electrolysis. Similar remarks apply to 
theories of electrolysis. ex])ressions of the invisible ])rocesses 
through w'hich the observed ])henomena were to be satisfactorily 
explained, and w’hich would be broad enough to embrace new 
discoveries and antici|)ate expanding thought. No great 
weight need attach to the early theories of electrolysis. They 
doubtless served theii’ pur|)ose. but sooner or later were 
w^eighed in the l)alan(*e of further discovery and conception and 
w'ere found wanting. Thus old terms obtained a new' interpre- 
tation w'hile many new' terms came into use. 

Grotthus Theory. Possibly the first real attempt at a theory 
of electrolysis Avas that associated w'ith the name of Grotthus, 
according to whom molecules were double-ended units with 
different electrical charges, the metal or basic end being 
positively charged and the acidic end negatively charged. The 
first application of a potential difference upon conducting plates 
immersed in the electrolyte caused the molecules to arrange 
themselves vsystematically. An increa.se in the P.l). sooner or 
later effected the decomposition of these molecules, es()eciaiiv 
those adjacent to the electrodes. The change throughout the 
solution was then to be explained by a succession of molecular 
effects between adjacent molecules, the reaction thus proceeding 
from pole to pole, or })oles to the centre. The conception is 
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depicted in Fig. 1 in which the l)i])olar inolecnles are first 
shown without the infiuence of electrical conditions (a) and, 
secondly, after the ap))lication of a IM). (b). 

Sooner or later this P.l). \\as assumed to attain a value 
requisite for the decomposition of the molecules nearest the 



electrodes (c), thus setting free ions wliich immediately attack 
contiguous molecules so that the action ]>roceeds from the 
electrodes through the solution (r/). In the absence of an alter- 
native s\iggestion this theory for a time held the field, and 



the accumulation of facts than in formulating a theorv of the 

vT/ c 

mechanism through which thev were realized. 

o V 

(Jrotthus’s view, however, had its weaknesses. Obviously, 
time would be involved in the comjfietion of the chain of 
action between the two electrodes, while later observation 


sho wed that in. for example, a U-tube with a long horizontal 
limb (Fig. 2) the passage of current was instantaneous with 
the closing of the circuit. Secondly, electrolysis began to take 
jfiace before the attainment of any definite e.m.f. such as might 
be recpiircfl for the decom])osition of molecules, 'fhirdlv, it 
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niust be difficult to attach ])roperties to the temporarily 

liberated ions which would enable them to decompose the next 

molecules and at the same time liberate other ions of exactly 
the same kind. 


Clausius Theory. Some advance in the conception of electro- 
lysis was made by Clausius in 1857, who urged that probably 
the molecules were not so extraordinarily stable, but that the 
act of solution loosened the two parts of the molecule and 
even allowed of the temporary separation of the two parts, 
which immediately combined with dissimilar parts from 
other molecules. In other words, at any moment a relatively 
small number of molecules were in a state of decomposition, 
and the influence of the ‘‘current^’ attracted away to the 
electrodes these temf)orariIy disengaged ions, their withdrawal 
being immediately followed by the formation of others. This 
view would seem to account for the immediate effects observed 
with the application of a P.D. to the electrodes. Thus to what 
may be called the inherent movement of the ions, that is, 
tlie oi'dinary vibratory motion attributable to all molecules and 
ions in solution, there is imposed by the apjilication of an 
e.m.f. a directional motion of the ions towards the electrodes, 
so that the ions follow what may be imagined as a direct route 
towards the electrodes while still retaining a very short wavy 
vibratory motion. Tliis view, although not subjected to exact 
quantitative treatment, was generally held for the next thirty 
vears. 


Airhenius Theory of Electrolytic Dissociation. During this 

|)eriod, however, other properties of solutions were being 
explored, and it became apparent tliat those solutions which 
conducted the electric current were generally abnormal in 
their behaviour in other directions. The physical properties of 
electrolytic solutions led to the conclusion that there were 
usually many more molecules, or smaller ])arts acting as mole- 
cules. than could be accounted for bv the amount of substance 



put in. This indicated some type of decomposition. Arrhenius, 
however, was more concerned with the property of the electro- 
lytic conductance, and liis ex[)eriments led to the conclusion 
that of the dissolved molecules there were two kinds, one of 
which was unres})onsive to the influence of the applied P.D., 
while the other type accounted for the production of the 
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current in the solution. In other words, only a part of the 


electrolyte was engaged in the production of the phenomena 
associated with electrolysis, the other being inactive. 

A comparison of the results from these different sources led 


Arrhenius in 1887 to the irresistible conclusion that, as a 


general rule, the substances regarded as electrolytes were very 
largely sei)arated into ions before the application of a P.D., 
and this provided a conception which could be quantitatively 
tested in more ways than one. In sj)ite of stern hostility this 
new conce])tion giadually gained ground, and became generally 
acce|)ted as offering the best explanation of the rapidly increas- 
ing range of observations associated with electrolysis. 

More recently, howevei’. the conce])tion of electrolytic 
dissociation as advanced by Arrhenius and generally agreed 
by quantitative data, failed to account for the behaviour of 
many electrolytes which were the best conductors, and which, 
in general, are called strong electrolytes. The weakness was 
cons|)icuous and will be dealt with later, but for the ])resent 


it may be hinted that the latest cotice])tion is that these 
substances are almost completely if not entirely dissociated in 


solutions of moderate strength, but that the ions are subject 
to other forces which appear to limit their freedom, and which 


were not appreciated by tlie earlier workers who used the 
conception and also the term ’freedom of the ions” with too 


much elasticity. 
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ALITATIVE RLKOTROEYSrS 

totroduction. Tlie products of the electrolysis of a large number 

comoo very varied in their 

n it ” ^rT ’ Sood anticipation of tlieir 

n< l u e can be made from the well-recognized fact that anions 

. I catluons are of opposite chemical nature. Amongst the 

( athions are hydrogen and the basic radicals, while the anions 

are characterized by their so-called acidic properties. It can 

theiefore be safely anticipated that the general course of 

wlTile’‘.it those involving reduction, 

iim itn 1 ' n '"‘T ® ojiposite proces.ses of oxidation are 
e itable. I hus the e ectrolysis of dilute sulphuric acid yields 

\ Irogen at the cathode and oxygen at the anode. With many 

electro ytes these gases may not be evolved, but, in their 

nascent condition apparently give ri.se to the chemical chamres 

usually as.sociated with them. Such changes will be regarded 

as .secondary changes and will be dependent upon a number 

of cenditioius usually iiiHueiicing .•heniical reactions, such for 

example as the composition and concentration of the electrolvtc 
aiHi its teiH|)eiature. 

iMirther. these .secondary changes are very dependent upon 
le na me o the electrodes. In this first elementarv considera- 
tion cif electrolysis we shall as far as possible delete these more 
complicated changes, and assume that, for the jiresent at any 
rate, we are using insoluble anodes (the cathodes being of le.sser 
importance), and for the time being we are considering the 
leactions which occur with j^Iatinuiu electrofles. 

jj- 1 * This makes a convenient 

starting point though not neces.sarilv the most simple ca.se It 

IS usually assumed that the addition of the acid to water 

lenders the latter, which w hen pure is marked bv its extremely 

low conductance, conductive, d’his is a view which may have 

to lie modified as the study of electrolytic changes jirogresses 

10 
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(page 86). Dilute suljihurie acid, however, is conductive. Tlie 
acid ionizes as follows — 

H.,.SO, 2H. + 80^— 

and its electrolysis is frequently represented by the changes 

which take place in what are coininonly called voltameters 

a teiin wliicli is now replaced by coidoineters. Two foiins aie 
diagraminatically indicated in Figs. ;5 and 4, the i)roducts 
l)eing separated in the former and mi.xed in the latter, the 
mi.ved gases, hydrogen and o.\ygen. being known as "knall gas.” 




Mixed 

Gases 


Fid. :i. Skpakatk (Jas 

X'OLTAMKTKD 


Kid. 4. Mixkd CJas 
N'oltamktkr 


Ihe electrolysis of the dilute acid yields the two ga.ses romdily 
m tlie proportion of -as anticipated— two volumes of hydro<reii 
tn one of oxygen, 'fhere are. however, immediate deviations 
rom this simple proportion. Both gases are soluble in the 
liquid The greater solubility of oxygen accounts in iiart for 
the observed smaller volume of this gas. and the correct iiro- 
portion of 2 : 1 is more nearly obtained when anolyte and 
catliolyte are Katiirated with their respective gases. 

With an increase in the strength of the add, however the 

volume of oxygen is further deficient. Examination of the 

evolved gas reveals a reaction with pota.ssium iodide-starch 

liajier indicating the presence of ozone. Moreover, the anolyte 

gives evidence of the presence of hydrogen jieroxide wliile 

witli acid of still greater strength persulphuric acid is definitely 

ound. 11ns latter product might readily be accounted for by 
the ionization of the acid as follows — 

H,S(), ^ H. + HSO4- 

i - ( 1 .173) 
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while the following equations may express the secondary 
chemical reactions already indicated — 

2HSO4 + 2H2O - 2H2SO4 + H2O2 
6HSO4 + 3H2O =: 6H2SO4 + O3 

2H8O4 = H2S2O8 

Reactions similar to the last of these are well known to 

occur in the electrolysis of strong sulphate solutions, and 

manufacturing methods for persulphates are based on the 
reaction. 

Alternative methods of representing the hydrogen ions are — 

H* and H+ 

while for SO4 and other negative ions the following signs are 
alternatively employed — 

S04~ and SO4'' 

In the case of sulphuric acid, therefore, the reaction can hardly 
be regarded as simple, and with the complications indicated 
there would apjiear to be some difficulty in employing the 
electrolyte for coulometers ({)age 30 ). 

It seems possible that all these reactions are likely to take 
place at all dilutions. In general, however, the simple evolution 
of hydrogen and oxygen occurs with dilute acid, and the 
secondary products result from the use of the stronger acid. 
This in turn seems to indicate progression in the ionization of 
the acid, this taking place in two stages — 

(1) H2SO4 + HSO4' 

( 2 ) HSO4- ^ H. + 8O4- 

Nitric Acid. The acid ionizes as follows — 

HNO3 ^ H. + NO3- 

Following the example of sulphuric acid, the evolution of 
liydrogen and oxygen at cathode and anode respectively may 
be anticipated, and this takes place in acid of low concentra- 
tion. With an increase in strength, however, the evolution of 
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hydrogen is largely replaced by tlie reduction of the acid on 

^ ^ • A « & 


one or more of tlie following lines 


2HNO3 f 2H = 2H,,() + 2NO2 
2HN()3 f 4H = 

2HXO3 + ()H 






2HXO3 4 - kH 
2HX()., + loH 
f 2HXO.J + KiH 


4H„() 4 - 2X0 

- oH.O 1- N,() 




•i 


i - 


X,. 

2X11. 


(2HX()3 + - 2XH,N(), 

The evolution ot brown oxides of nitrogen is a common 
occurrence in the use of nitric aci<l in the Bunsen and (irove 
cells, while the presence of ammonium compounds can readilv 
be shown. There appeal’s to be no special example of the 
electrolysis of this acid in industry. 

Hydrochloric Acid, I'his again would appear to be a simple 
matter, with a|)i)arently only two j)roducts. The usual form 

y r, soon shows a great deficiency in 

the volume of chlorine evolved at the anode due to the solu- 
bility of the gas. Chlorine, however, is much less soluble in 
strong solutions of chlorides and there is a much better chance 
of obtaining the two gaseous products in their correct prof)or- 
tion from a strong solution of calcium cldoride to which strong 
hydrochloric a('id lias been added. 

Alkalis. The (aiurse of the reaction with the caustic alkalis 
m acjueous solution is siinjile and it will be apparent that with 
acjueous potash the ions are K. and OH . the former at the 
catiiode remaining in solution as hydrogen is ]>refei‘entiallv 
evolved, while at the anode oxvgen is evolved - 

KOH K, i OH 


2K. + (2H, 


H., 


2()H ) 2(K, { OH-) 4 

2()H r_- H,0 r 0 

'I'liis is ail exam|)le whicli finds large application in eelLs for 
the pi’odnetion of electrolytic hvdi'ogen and oxygen, the 
absence of coniiilicating .secondaiy reactions ensuring the per- 
manence of the electrolyte which, when strong, is an excellent 

(onductor. It has ap|)li('ation, too, in some forms of gas coulo- 
meter (see page HO), 
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Neutral Alkali Salts. A solution of sodium sulphate may be 

taken by way of example and electrolyzed in a usual type of 

voltameter (hig. 3). The solution is coloured with neutral 

litmus. Electrolysis yields hydrogen and oxygen at their usual 

electrodes and in their usual ])roportion, while the anolyte 

turns red and the catholyte blue. These are things seen which 

at once appear to be the result of the following unseen changes 
in the electrolyte — 

Xa,S()^ - 2Na. + 

2Na. + (2H. 4- 2()H ) 2(Na. + OH") + 

SO,-' + 2(H. + OH ) = (2H. + SO,—) + O + HoO 

These reactions are not to be taken to represent quantitatively 
the yield of products unless adequate stej^s are taken to ensure 
their complete se})aration. They indicate the chemical course 
of the reaction. The accumulations of acid at the anode 
and alkali at the cathode indicate similar reactions with the 
electrolysis of sulphuric acid and caustic soda respectively, 
though in these latter ca.ses the changes of concentration of the 
electrolytes would not be shown by mere indicators. 

Again, sodium chloride presents a case of sj)ecial interest and 
considerable indu.strial importance. Its ionization is simple — 

XaCl Xa. + C’l- 

TTie general observations are that sodium hydroxide is formed 
at the cathode with the evolution of hydrogen, while chlorine 
is evolved at the anode. These are results which may reason- 
ably be antici])*ated. By design of plant it can be imagined that 
the ])rocess <*ouId be turned to industrial account, and large 
(piantities of these materials are j)roduced on this principle, 
one of the chief requirements of the process being that of the 
separation of the two products, and the collection of tiie caustic 
soda sufficiently free from common salt. These, however, are 
])oints with which we are here not greatly concerned. 

But chlorine and caustic soda are suscej^tible to a number 
of secondary reactions. If the electrolysis proceeds under 
conditions w'hich permit of the mixture of the products, the 
production of sodium hvi)ochlorite follows. This y)roduct is 
unstable at elevateci temperatures and thus, if the electrolysis 
is carried out at a temjierature of 60°('. with the mixing of 
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the anolyte and catholyte, the production of sodium chlorate 
results. These reactions are well known to take place chemicallv 
when chlorine is passed into caustic alkali, thus — 

('ohL 2 NaOH -p Cl, Na('l() 4 Xa('l 4 H^o 

HV//7//. ONaOH - :K'1, XaClO-j 5XaCI + 5H,() 

Tliese reactions in the eleetrolvtic cell are carried out on a 

% 

lar^e scale for the foiination of hypochioi‘ites for hleacliiu^ 
and disinfecting pur poses and for ehlor'ates for' use in explosives. 
It is. however’, not suggested that tlte reactions tak(" the simple 
coui’se which lias liere been outlined. Tlie end results a|)pear 
to he reached hy more devious electro-chemical I’outes. The 
simple principle lias been given as indicative of im|)ortant 
industrial possibilities. Fur ther. Iiy the eiectr’olysis of chlor ates, 
perchloi’ates I’esult from what we shall liere term the anodic 
oxidation of the (*hlor-ales. 

For hypochlorites and chlorates the admixtui’C' of anolyte 

% i.s ohlaiiied usually l)y 1 he a|)|)i()])i iati' disposition 
of the electrodes. Koi- the pi-oductiou of caustic alkali and free 
chlorine the .separation of the two parts of the electrolyte is 
acliieved gravitationally in some |)iocc‘s.ses. whil(> ot hers eifc-ct 
the se])aration of the anode and cathode leactions by the use 
of partitions or dia|(hi’agius which, in some cast's, arc jiortnis 
and non-conducting, and in otheis aie non-permeahle and 
conducting. I his is a subject which w ill he returned to later. 

lVl6tRllic S^lts. for a large numhc'i* of metallit^ salts, elec'ti’o- 
lysis with an in,solut)le anode proceeds on antici|)ated lines, the 
metal ions being deposited while the acidic ions lemain in the 
■solution 111 the form of their respective ionized acids with the 
evolution of oxygen in the case of nitrates and sulphates, and 
chlorine in the case of chlorides. Table 1, given on page Ki. 

summarizes a number of these reactions, though other seco7idarv 
prodiiets could be included. 

'I’hus 111 the case of copper sulphate a deposit of cojijier 
apiiears on the cathode with the evolution of oxygen and the 
formation of sidpliuric acid at the anode. It would7ippear that 
by this process the whole of the metal might be extracted from 
the .solution which will finally contain tlie corresponding acid. 
Reactions of this tyjie have considerable application. In 
electrolytic analysis the metal is recovered (juantitativelv and 
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TABLE I 

PRODUCTS OF ELECTROLYSIS 


Electrolyte 

Products 

At Anode 

j At Cathode 

Primary 

Secondary 

Primary 

Secondary 

1 

H„SO, 

SO4 

H2SO,; Oj 

H 

Ha 

HN03 . 

NO3 

HNO3; Og 1 

H 

H and oxides 

1 

HCl . 

Cl 

CL 

H 

of nitrogen 

Hj 

NaOH 

OH 

Og; HgO 

Na 1 

NaOH; H2 

NaCl . 

! Cl 

Clg 

Na 

NaOH; H. 

CUSO4 

SO4 

H2SO4; O2 

Cu 

Cu 

AgNOg 

NO3 

HNO3; O2 


Ag 

CuCN . 2 KCN 

Cu(CN)3 

CuCN; 2 CN 

K 

Cu 

AgCN . KCN 

Ag(CN)2 

AgCN; CN 

K 


K2CO3 

CO3 

CO2; O2 

K 

KOH; O2H., 

ZnSO^ 

SO4 

H2SO4; O2 

Zn 

Zn 

CdSO^ 

SO4 

H2SO4; O2 

Cd 

Cd 

PMC^HgOala 

C.H3O2 

H.CgHgOo ; 

Pb 

Pb 



O2 




then weighed, while in electrolytic extraction processes the 
reaction follows the same course, except that the quantitative 
removal of the metal is not necessary, and the resulting solution 
containing some of the metallic salt and a large proportion of 
the acid is again used to extract further quantities of the metal 
from suitably j)repared materials such as ores, the acid liquor 
being thus used cyclically with relatively small losses such as 
are unavoidable in industrial operations. Copper and zinc 
provide two prominent examples of this type of industrial 
electrolytic extraction processes. 

Further, a number of secondary reactions may safely be 
anticipated. In the case of the electrolysis of a lead salt some 
production of lead dioxide at the anode occurs, this being 
instanced in the lead accumulator reaction. 

Use of Soluble Anodes. By this term is meant the solution 
of the metal anode under electrolytic influence. Thus a copper 
anode with any sulphate solution will produce copper sulphate 
at the anode, which is the equivalent of the production of 
copper ions instead of the evolution of ox3'^gen, and this makes 
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the production of co])per ions from the metal as an exam])le of 
oxidation. Many other metals behave similarly, the metal 
being taken into solution at the anode at a rate a|)])roximating 
to that of its deposition at the cathode, "flus is the principle 
involved in the numerous examples of metal deposition in 
industry, so that the strength of the electrolyte remains 
approximately constant and the i>rocess thus becomes con- 
tinuous with the addition of more anode metal to replace that 
dissolved away. 

Anodic Oxidations. Many other examples might be given in 
which anodic oxidation results in the formatioii of well-known 
and much recjuired (ompounds. Thus tlie electrolysis of 
chromium sulphate — for example in the form of chrome alum 
—deads to the })roduction of chromic acid (('rOg) at the anode. 
Ihis compound is much used in the oxidation of organic 
products re<piired in the formation of dyestuffs, and the 
reduced material, again in tlie form of cliromiiim sul|)hate. is 
reoxidized cyclically by retmning it to the anode compartment 
of an electrolytic cell. 

Similarl}^ manganese compounds are capable of oxidation to 
permanganates. In one simple case the elect lolysis of potas- 
sium carbonate solution w ith an anode of manganese or ferro- 
manganese results in the production of ])otassium ])erman- 
ganate wdiich can be, on account of its relatively low solubility, 
crystallized out from the electrolyte. 

Numerous other examples are forthcoming in wliicii similar 
oxidation [iroccsses are made available in commercial electro- 
lysis. On the same basis the conversion of a soluble anode to 
one or other of its salts provides an example of oxidation, this 
term connoting an increase in the active valency of the metab 
lathei than the mere addition of oxvgen to which the term 
oxidation was originally applied, and which is now altogether 
inadetiuate to our conception of oxidation. 

Cathodic Reductions. Similarly at the cathode many reducing 
ie<ictions are industrially ex|)loit(Hl. We mav readilv under- 
stand the deposition of a metal from its salt as an exam|)Ie of 
reduction. The term reduction, however, covers a much wider 
range of reactions. For example, in an acid solution nitro- 
benzene is converted at the cathode to aniline 

^'gHsNO, + OH = ( ^ 2H./) 
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u liile the electrolysis of ferric compounds does not immediately 

lesult in the deposition of the metal. Before this can take 

place it becomes necessary to reduce the ferric compound to 
fei'rous — 

l^ei% + H = FeCls + HV\ 

from which the metal may then be deposited. 

Production of Compounds. While the term electrolysis was 
originally intended to represent the splitting up of chemical 
comj)outuis hy electricity, it has, in its modern meaning, a 
much wider significance and covers also the production of 
numerous com|)oun(ls. For exam])le, the electrolysis of a 
solution (jf potas.siiun chlorate and potassium carbonate with a 
lead anode results in the temporary formation of soluble lead 
c'hlorate which, in contact with water and the soluble carbonate, 
is tran.sformed into insoluble basic carbonate of lead of the 
composition conforming to that of the ju’oduct known as white 
lead, and electi‘olytic methods for the production of this 
important |)aint constituent have long been explored with 
varying degrees of success, the greater difficulty experienced 
being that of the production of the material not altogether of 
the correct chemical composition but having the desired degree 
of opacity. 

'J’lie course of’ tlie react ions would seem t o be expressed in 
tlie following ecpiations which represent merely the chemical 
and not the electro chemical changes, so that the electrical 
charges are omitted from the equations — 


(iKClO 


31‘h 


GCIO., 


()K + CCIO3 

:51>h(C103), 

.'IPhfClO;,)., + .’IKgC’O., + H2O 

-> -iPhCO^ . Pb(OH)2 + OO2 + 6KCIO3 

OK d GKOH + 3H2 

()KOH -f 3002 -> 3K2CO3 + 3H2O 

d'hese equations show that the process is maintained by a 
sufficiency of lead anode and the addition of OOg. 

.Similarlv, the electrolysis of a neutral salt with an anode of 

* V 

cadmium produces a soluble cadmium salt into which the 
passage of sulphuretted hydrogen effects the precipitation of 
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yellow cadiniuni sulfOiide with its well-known pigment 
properties. 

There would therefore ap])ear to be endless pc)ssibilities of 
carrying out relatively simple electrolytic reactions for the 
production of many important compounds. ITpon these 
reactions industrial electro-chemistry has been deveio[)ed. 

Electrolysis of Complex Salts. Many comj)lex compounds arc 
likewise aitienable to electrolysis. The double cyanides provide 
a case in point. Of tliese reference may be made to tlie com- 
pounds coidaining copper, silver and gold of tlie following 
respective tormulae : copper |)otassium cyanide (CuOX . 'JK('N). 
silver potassium cyanide {Ag(’X . K(’X). and the gold com])ound 
(Au('X . I\(’X). From these solutions the metals are ol)tained 
in the usual deposition processes, wliile much gold is oiiginally 
recovered from auriferous (juartz by e.xtracting the metal in 
weak cyanide solution — 

0 1 -iAu i 4K(’X t H,0 i^AuCX.KCX ; -JKOIl 

subse(niently electrolyzing tlie weak gold cyanide solution 
witli insoluble iron anodes and lead cathodes ujton which the 
gold is deposited and subse(|uent ly i-ecovere<i by cujiellation. 

In these and similar cases it has been shown that the comse 
of the ionization is as follows — 

Ag('X . K('X K. i- Ag((\\b 

the comiilex Ag((’X)., ion migrating to the anode while tlie 
metal is deposited at the cathode as the result of a secondarv 
reaction which was first represented simply, but not altof^dlier 
accurately, thus - 

K . AgC’X . KOX - Ag + 2K('X 

Mdiere is. howevei*. no reason to imagine this reaction wliicli 
involves the continuous loss and then re formation of potassium 
ions. Mdie more reasonable explanation lies in the conception 
of a limited dis.sociation of the Ag((’Xb ion as follows 

Ag(('X), Ag. A 2(JX- 

the silver ions being |)referentialiy discharged and others 
formed by the practically instantaneous dissociation of more 
of the complex Ag(CX)2 ion. 

In fact it was the unusual concentration of the silver 
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compound at the anode which led to the discovery of the 
mechanism of this electrolytic change. 

Similar reactions take place with the double cyanide com- 
pounds of copper and gold with the alkali metals sodium and 
l)otassium, these reactions being taken advantage of in the 
commercial deposition of these metals. 

Electrolysis of Organic Compounds, Numerous organic com- 
pounds, especially the acids and their salts, are susceptible to 
electrolysis. Their ionization in water provides the preliminary 
stage and in some cases this is cons])icuous, while in others it 
is feeble. The alkali salts of acetic acid, for example, are freely 
dissociated while the acid, well known to be a poor conductor, 
is only sliglitly dissociated at moderate dilutions. 

With potassium acetate we have — 

(’H3(X)()K ^ K. + CH3COO- 

At the cathode, therefore, the evolution of hydrogen and the 
formation of alkali occurs. At the anode the reaction depends 
somewhat upon the concentration. In weak solutions there is 
the regeneration of the acid with the evolution of oxygen, 
while in strong solutions ethane and carbon dioxide are among 
the gaseous products thus — 

2CH3(X)() ^ + -HX)^ 

and ethane may be prepared by this method after passing the 
anode gases through caustic alkali for tlie absor[)tion of the 
carbon dioxide. 

Similarly, from sodium proi)ionate (fAH^COONa) there is 
the production of alkali aiul hydrogen at the cathode and the 
evolution of butane (C’ 4 Hj 3 ) and carbonic acid gas at the anode 
thus — 

2C3H3COO -> ('4H10 -I 2C’(), 

Siniilarlv, from the succinic acid series, hvdrocarbons of 

• « 

tlie olefine t^ron|) are produced — 

C'H„('00- 




and 




('H.,( '()() 
CH.d'OO 


CoH, + 2 VO, 
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With increasing complexity of the anion there is the tendency 
to the formation of other substances, an experience well known 
in organic chemistry. In addition to these relatively sim])le 
examples of electrolysis ot organic compounds in wliich the 
comj)ound undergoes dissociation, there will be numerous 
examples in which organic compounds are either oxidized or 
reduced at the anode or cathode respectively when suitably 
introduced into the anolyte or catholyte of a cell containing an 

inorganic electrolyte. These do not claim our immediate 
attention. 



CHAPTER III 

QUANTITATIVE ELECTROLYSIS 


Introduction. In approaching the subject of quantitative 
electrolysis it is well to recall that well over a century ago it 
came to be recognized, as the result of accumulating evidence, 
that chemical action is controlled by quantitative laws. The 
laws of chemical combination are known to every student of 
chemistry, and equally familiar will be the concej)tioii of Dalton, 
known for so long as the atomic hypothesis, put forward in 
order to account for these quantitative I’elationships. For 
example, 23 parts by weight of sodium are always combined 
w ith 3/)*;) |)arts by weight of chlorine in the comj)ound w'hich 
we call common salt. This definiteness of chemical composi- 
tion is a feature of chemical compounds. If electrolysis is 
concerned wutli changes of composition of these substances by 
the agency of electrical energy, it will be reasonably anticipated 
that similar definiteness will mark the quantities of the resulting 
])roducts. 

With a few' ill-designed ex|)eriments in electrolysis w^e might 
at first be inclined to doubt the accuracy of this assumption, 
but it will be recognized that in order to track accurately any 
conceived relationships it will be necessary to aj)ply accurate 
methods of manipulation and measurement. Where the pro- 
ducts are w^eighable, accurate balances are available, while gas 
volumes are easily measured. Accuracy of an equal order in 
manipulation, however, may not be so easily assured. For 
example, it is useless to put current through any solution con- 
taining cop|)er and expect quantitative deposition. It will be 
appreciated that there is some choice in the selection and 

concentration of the electi’olvtes to he used for coulometric 

% 

work. 

Faraday’s Laws. The ]uoneering work in this direction is 
universally credited to Michael Faraday a century ago. Arrang- 
ing a number of cells in series w ith the accurate instruments 
then available and using a large variety of electrolytes, Faraday 

22 
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made two important discoveries eml)odied in laws associated 
with his name. The first related the masses of the pi-oducts to 
the current passed and the time, or. in other words, to the 
coulombs. Now while the heating effect of a cairrent is pro- 
portional to tlie pioduct of the s(|uare of the current ])assed 
and the time, the chemical effect Avas found to be proportional 
to the product of the current ai\d time. This is Faraday’s 
First Law, that the quantities of substances concerned in 
electrolysis are proportional to the coulombs passed. ‘‘Quaic 
titles concerned” puts the matter very comprehensively and 
includes therefore metal (lejtosits. anode corrosion, acids and 
alkalis formed at the anode and cathode respectively, gases 
evolved and other chemical changes which mav take place in 
the solution. 

Next. Faraday found that llie same number of coulombs 

passing through a succession of different electroivtes gave 

products proi)ortional to tlieir chemical eejuiv alents. This 

might reasonal)ly be regarded as the oidy possible pioportion 

in whicli they could appear. If electrolysis is the (‘lectrical 

decomposition of <-hemicai substances foiined b\' tlie coml)ina 

tion of delinite (juantities of simpler substance's, then tlu'se 

matei’ials can only appear in tlie piopoit ions in which thev 

combined. Up to Faraday's time no one had definitelv shown 

% ^ * 

by experiment that this actually was the* case. Faraday found 
that the (piantities of substances concerned in electi’o chemical 
change were always pr()i>ortional to their chemical eeiuivalents. 
d'his constitutes the Second Law of Quantitative Flectrolysis. 
In ordei*. however, to attain these quantitative results it needed 
a considerable amount of work to determine the best conditions 
to secure the translation of all the couloml)s passed into the 
desired products, and nowadays this (|uantitative translation 
of coulombs into desired pi'oducts is only achieved under the 
special conditions aimed at in coulometric work. The usual 
])roces.ses of electrodeposition, refining and extraction fre- 
(luently fall shoi t of this quantitative ideal. 

ihised on the acceptance of these laws it is now' possible 
and usual to define the am|)ere in terms of the chemical work 
which it will effect, and thus it becomes the unvarying current 
which, under ideal conditions, will deposit 0-001 1 is gm. of 
silver t)er second or 4-024 gm. pei- hour. 
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This apparently unnecessarily complicated figure is due to 
the fact that the practical ampere derives its origin from a 
unit based on electromagnetic phenomena, this latter unit 
being ten times as large as the one now being defined. 

Chemical Equivalents. For an appreciation of the subject 

there must be some familiarity with the quantities which 

chemically are known as “chemical equivalents,” and relevant 

data appear in Table II. The table includes only elements, 

and some slight inaccuracy in the figures must be ‘allowed for 

in the fact that many of them are expressed to only three 
significant figures. 

TABLE II 

CHEMICAL AND ELF^CTRO-CHEMICAL PROPERTIES OF 

ELEMENTS 


Element 

Symbol 

Chemical 

Equivalent* 

Electro- 
chemical 
Equivalent t 

Mg. 

Cadmium 

Cd 

o6 

0-58 

Chromium . 

Cr 

8-7r) 

0-091 

CopjKu- 

Cu 

31-8 

0-329 

Cobalt 

Co 

29-5 

0-30o 

Gold . 

Au 

6iV6 

0-676 

Hydrogen 

H 

1 

0-0104 

Iron 

Fe 

28 

0-29 

Lead . 

' Pb 

103-0 

1-071 

Nickel 

Ni 

29-3 

0-303 

Oxygen 

O 

8 

0-0828 

Silver . 

Ag 

108 

1-118 

Tin . 

Sn 

;>9 

0-615 

Zinc 

Zn 

32-0 

0-338 


Gm. per 
Amp. -hr. 


2-088 

0- 3276 
1182 

1- 098 

2- 436 

0- 0376 

1- 044 

3- 86 

1- 09 

0- 298 

4- 024 

2 - 21 

1 - 22 


This and similar tables will always require comment. The 
figure for chromium, for example, assumes the production of 
the metal from the tri-oxide solution. That for gold refers to 
the chloride solution, whereas the deposition of gold for 
electro-gilding is usually from the double cyanide solution with 
potassium (AuCN . KCN), in which eonqiound the gold is 
monovalent and its equivalent is then the atomic weight. 

* Chemical Kquivalent is the mass of a substance chemically equal to 8 parts 
by weight of oxygen. 

t Electro-chemical Equivalent is the mass associated with one coulomb. 
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Further illustrative of the operation of these laws in a num- 
ber of well-known electro-chemical reactions, the following 
exam[)les will be taken, these having been referred to (|ualita 
tively in the precediiig chapter. 

Electrolysis of atpieous salt solution — 

- NaOH ^ H -t (1 

4(» I 


NaC'l + H,() 

js-.'i 


Ihe cjuantities ex|)ressed are obviously the etjuivaleuts. and a 

sim])le (‘alculation will therefore show that the ampere hour 

yields of these [)roducts are I*4!)gm. of sodiinn hydroxide and 

l*325gm. of chlorine fr’om the decomposition of 2* 1 8 trm. of 
sodium chloride. ” 

Production f)f potassium chlorate — 

K('l -f- :U) -> Kt’lO^ 

74.*) 4.S 

'i lie simple e{)uation sliows (i eciuivalents ; the eliemieal ecjuiva- 

leiit of K('l()., (as a |)ro(luet of this type of oxidation) is there- 

fore 122-.) (i and the theoretical yield per ampere-hour is 
0-7(igm. 

()xidation of chiomic compounds to cluomic acid (CrO. ). 
Simple e(iuation — * 

Cr/), -i 


HO - 2('r().j 

4s 2<io():,') 


The chemical equivalent of chromic acid (judged either hv 
the oxidation process by which it is |)roduced from chromic- 

as an oxidizing action) is therefore 

-11 . the theoretical yield per ampere-hour beim^ 

1-2.) gm. ” 

Similarly, white lead may be given the formula 

2Pb('(), . P1)(()H).^ 

the nioleeular wcigl.t being 775. It i.s eleetrolytiealiv produced 

from 21 b and its ecjuivalent becomes 77') ; o - 12!tl with a 

theoietical yield (and also a good commercial one too) of 

4-8 gm. per ampere-hour or. by a simple conversion l(Mi8 II, 
per 1 ()()(» arniiere-hours. 

Electrode Efficiency, 'fhe figures calculated according to 
haraday s laws represent the quantities to he attained oidy 
UTKier Ideal conditions of electrolysis. Seldom in commercial 
\)ork are these ideal conditions realized. In the decomposition 
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of the salts of many metals there is the simultaneous deposi- 
tion of liydrogen with a corresponding lack of metal. Generally 
speaking, the conditions for quantitative metal deposition 
inelude strong electrolytes in motion, so that metal ions are 
always present on the surface of the cathode to be turned out 
(piantitatively. These conditions are not naturally ])resent as 
piactical solutions may not be saturated, and, in any case, 
the rate of migration of the metal ion falls fai* short of the rate 
<it which the metal is (lejiosited. There is also in many other 
examples the possibility of secondai'y changes ociairring which 
limit the yield of tlie main and desired [iroduct. These defects 
in the case of the metals, foi' example, occur at both the anode 

and (*athode, and thus we get some idea of w'hat is called 
‘'cathode cfti(‘iencv” as follows — 

, o. . \\t. metal deposited x lOP 

( atnode eiiiciency — - 


Sirnihu'K 


Anode cfticiencv 


W't. by Faraday's law 

W’t. metal dissoK'ed x HH) 
\Vt. by Faraday's law 


Similar expressions apply to all electro-chemical operations. 
In the usual [uocesses of metal deposition these efficiencies are 
not fai' shoi't of 100. For continuity of o])eration these efficien- 
cies. if short of ideal, should be as nearly alike as po.ssible, 
there then being no dej)reciation or appreciation of the metal 
content of the solution. Where they are not, some correction 
of the metal content imeds to be made from time to time. 

Another conveniemt term is "electrode efficiency," repre- 
senting the relative efficiencies at anode and cathode thus — 


l^l(‘ctrode ctliciency — 


Anode efficiency 
Gatliode efficiency 


which may be expressed either as a fraction or a percentage. 
Thus in the ease of the deposition of cadmium from the usual 
double cyanide |( Vl((’N) 22 NaCN] solution, the electrode efficiency 
usuallv exceeds unity as cadmium anodes dis.solve practically 
in a(*cordance with Faraday's law' while the cathode efficiency 

V « 

is short of 100. In addition, there is the fact that under the 
influence of the air and solution some cadmium dissolves 
chemically, though this reaction takes place also at the cathode. 
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It is usual in this case, in which the electrode efficiency exceeds 
unity, to introduce a part of the anode surface in the insoluble 
form by the addition of a limited area of iron, from which 
current passes without taking cadmium into the solution. 
These are points which need attention in the more practical 
exam])les of de])osition as well as in other cases of commercial 
electrolysis. Furtlier illustrative of his principle is the boosting 
up of the current in the anode compartment of mercury dia- 
phragm cells for the ])roducti(>n of alkali from the electrolysis 
of alkali chlorides (page 307). 

The Faraday. The electi'o-chemical ecjuivalent of silvei’ is 

0*0(H 1 18 gm., while the chemical equivalent is 108. To dejmsit 

the gramme-e(piivalent of silver will tlierefore require the 
passage of — 

108 

Similarly loi* c()]»per. the chemical ecjuivalent of which is 31-8 
and tlie electi'o-clicmical e(|uivalent O-O0O320 gm.. we have 

1 • s 

this figure' naturally aj)|>lies to all other electro-chemical 
products. I his constant (juantity of electricity rc(|uirod to 
efft^-t the separation (jf tlie gramme-eepiivalent is (tailed the 
“faraday.” In the units of everyday work it represents — 

0() (iOO 

3 ()tio am|)ei-e-hours. 

Now physicists have determined by several and widelv 
dilfereut methods that there are tio x 10“ molecules in the 
gi amme-molecule of any sulistance. d’his is known as tlie 
Avogadro number. Accordingly, there is the same number 
of atoms in the gramme-atom. The gramme-atom of monova- 
lent hydrogen which is the gramme-equivalent is associated 
with the Faraday, that is. 90 (>00 coulombs, from wliich it 
follows that tile charge on the hydrogen ion is 96 600 60 

X 102^ 16 X 10 20 eoulonib. 1'his charge is increa,sed 

Pioportionally with the valency. This charge is sometimes 
given as one-teiith of this quantity, the unit then having the 
electromagnetic origin previou.sly referred to. 
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Coulometers. Electro-chemical work often necessitates the 
accurate measurement of current. It, moreover, more fre- 
quently calls for the measurement of an average of a slightly 
varying current over long or comparatively long periods. The 
jicssibility of averaging a large number of readings on an 
ammeter is quite out of tlie question, and in the experiments 
in question the maintenance of a uniform current would require 
constant personal attention and even then not be altogether 
satisfactory. 

A solution of the problem is the insertion into the circuit 
of an electrolytic cell in which the translation of the coulombs 


passing into products ca})able of easy and accurate measure- 
ment is possible. 8uch cells will necessarily involve reactions 
which can be carried out with ideal efficiency and the products 
obtained and measured with similar accuracy. Such electrolytic 
cells used for this purpose are called coulometers. this term 
replacing the older and cruder term voltameter. 

In them gases may be produced, the volumes of which are 
easily and accurately measured. Alternatively, metals such as 
silver and copper may be deposited and subsequently weighed. 
In all cases a number of essential requirements must be met. 
In them (1) every coulomb must be translated into the desired 
jiroduct (in other words there must be a full 100 {)er cent 
efficiency whether at the anode or cathode) ; (2) the products 
must be capable of quantitative collection and measurement ; 
and (3) it is desirable that the products, if solid, should have a 
large equivalent mass. 

The first condition will in many cases be met by the careful 
choice of electrolyte and control of the rate of deposition to 
avoid all possibility of secondary reactions. The second is met 
by the |)roduction of metal deposits or the collection of easily 
measurable volumes of gases, either hydrogen, oxygen, or a 
mixture of the two, while the third condition finds its answer 
in the choice of metals with high chemical equivalents giving 
relatively large masses for the number of coulombs f)assed. 
while the item of cost may necessitate the choice of a cheaper 
metal like cop|)er in spite of the fact that its equivalent is 
less than one-third of that of silver. 

Gas Coulometers. The electrolysis of many acids, alkalis, 
and neutral salts with insoluble electrodes gives rise to the 
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evolution of oxygen at the anode and hydrogen at the cathode. 
These gases are easily collected and measured. The quantita- 
tive aspect may best be considered by taking the case of 
hydrogen alone. Taking the E.C.E. as 0*0000l04gm. and the 

mass of 1 c.c. at X.T.P. as (i-oooi)!) gm.. we have an evolution 
of — 

X h() 

(hVooO!) **‘'*'^ -•lunute. 

Exactly one-half of this volume of oxygen will be simul- 
taneously evolved at the anode. Our immediate considera- 
tion does not call for tiie adjustment of such conditions as 
slight daily variations in barometric pressure, and we shall at 
the same time omit the correction re(pnred for the fact that 
the collected ga.ses are saturated with water vapour. Allow 
then that the temperature of the gases is of the order of UP (\ 
and we have the vohnne of mixed gases per ampere-minute as- 

^ I(i 

- - 1 I c.c. 


X , X 
•) 


27:5 


This is a piiiiciple wliich is applied in a mimher of tvi)es of 
gas eovdoiiieter. two of wliich are shown in Figs. .7 and (i. the 
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former being designed for the collection of the two erases 
separately and the latter for the mi.xed gases. 

fn the latter case the cell need he of only very simiile con- 
struction, gas-tightness being the e.s.sential conditioii. Two nickel 
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electrodes are emi)loyed when the electrolyte is an alkali, while 
j)latinnm electrodes will be necessary when an acid electrolyte 
is used. In either case the internal resistance of the cell is 
reduced by shaping the electrodes in spiral form so that a 
comparatively large area of electrode may be used with very 
small inter-electrode distance. The mixed gas is then collected 
in a suitable measuring cylinder, the volume being measured 
against the time of evolution with care not to commence the 
time measurement until gas appears in the collecting cylinder. 
When the aj)paratus has been set up and run for a short time 
to make sure of gas-tightness, there should afterwards be no 
delay in the appearance of the first bubbles of gas in the 
measuring cylinder. 

The choice of electrolyte, however, demands attention. It 
has already been ])ointed" out that moderately strong sulphuric 
acid is subject to secondary reactions which are resi)onsible 
for a reduction in the volumes of gases evolved, while with the 
more dilute acid we are still uj) against the j)roblem of the solu- 
bility of the gases. Nevertheless in some tyj)es of gas coulo- 
meters dilute sul[)huric acid would be used. An alternative 
choice is that of phosphoric acid which is mucli less susceptible 
to secondarv changes. 

4. O 

For practical work, however, this difficulty is surmounted 

by the use of alkali solutions. These are comparatively free 

from any secondary reactions. It is essential that the alkali 

should be free from chlorides and similar impurities as these 

give rise to anode corrosion and hence loss of gas. These 

are the precautions which also become necessary in the setting 

up of the electrolytic cells for the commercial production of 

hydrogen and oxygen, in this case the electrodes being of iron 

or a nickel-iron allov. 

% 

Such gas coulometers. however, involve the consumption of 
something of the order of two volts. They can be put into the cir- 
cuit and the total volume of gas measured over either a long 
or short time, the volumes being readily converted into current. 

Thus the evolution of 50 c.c. of mixed gas in the course of 
10 minutes represents an average current of — 


50 

l» X IT ’ 
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Copper Coulometer. From a strong copper sulphate solution 
with the addition of free sul])hurie acid the depositioji of the 
metal takes place almost ideally, and with some control over 
the composition of the solution and the conditions of deposi- 
tion the cathode efficiency can he regarded as loo per cent. 
For this purpose the following solution is recommended 


Cuj)j)(*i- sulphate crystals 
Sulphuric acid 
Alcoluil 
W’ator 


1 •')(> gni. 
')0 gn ». 
•‘>0 gru. 
to 1 litre 



7. CoiMuut 

(’Ol L(),\!KrKI{ 


Ihe iuldition of alcohol is made to prevent the re-sohitioii 
of the deposit under the eoml)ined action of the air and acid 
It also improves the physical character of the 
deposit. Current density should not e.xeeed 
10 amj). per sep ft. diiin coj)i)er cathodes 
are easily and aecnrately weighed. Ihior to 
final weighing the deposit is linscal witli cold 
and tlien liot di.stilled water and dried in an 
oven. From tlie weiglit of eop])(‘r de])osited 
and tile duration of tlie deposition, tlie aveiage 
current is calculated l)y tlie apjilicatioii of the 

F.C.F. of copper, whicli is 0-()0();!2<» gm. Suel. a cell admits of tlie 
measurement ol relatively large currents witli materials of low 
cost file internal resi.stance of tlie cell is low and with nrac- 
fmally 100 per cent anode etfieiency there is little or no 
^jiolamatmn. Only a .small e.m.f. is thus ah.sorhcd in the 

Silver Coulometer. One disa.Ivanlage of the copper ooulo- 
nietcr the relatively low eheniical e.pii valent of eop.ier 

f tlmv'fn f) "th ' ’ are therefor.* prefenible 

.t they fulfil the requirements previously .stated. A number of 

mtals aie availahle for this purpo.se. their relevant data being 
set out m rai)lc 111. p. ^ 

Of those metals .silver has found e.xtended application, and 
w len set up and used with control, j.rovides one of the mo.st 

eUa -T eoulonietry. The method involves the 

(tudysis of a .strong .solution of silver nitrate. This nece.s.si- 
tates the use of a platinum cathode. The anode is of fine 

I osS'.ildr f T"' to prevent the 

I . nht> of silver which may become detached from the anode 
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TABLE III 

PROPERTIES OF COULOMETER METALS 


Metal 

Chemical 

1 Equivalent ^ 

Mg. per 

1 coulomb 

Copper 

318 

0-329 

jMercury . . ; 

1 100 

1-034 

Lead 

103-5 

1-071 

Silver 

108 

1-118 



by disintegration from floating about in the electrolyte and 
possibly being enclosed in the cathode deposit. 

In a usual form (Fig. 8) the apparatus comprises a silver 

crucible or dish which, after cleaning and weigh- 
ing, constitutes the cathode and liolds the 
solution of silver nitrate, which is of the order 
of normal strength. A small silver anode can 
be shaped to follow the contour of the disli or 
a small disc of the metal will suffice. Only a 
low current density of the order of 0*02 amp. 
I)er sq. in. is j)ermissible. The deposit is crys- 
talline and with a higher rate of deposition the 
crystals are liable to become detached and then require more 
careful handling in the subsequent washing and weighing pro- 
cesses. While the method admits of considerable accuracy 
it can only be used for relatively small currents. 

Other Metal Coulometers. There are, however, other jiossi- 
bilities in metals which, with high equivalents, are of lower 
cost than silver. Thus Betts and Kern* suggested the use of 
the lead silico-fluoride bath which finds commercial application 
in the electrolytic refining of lead on a considerable scale. 
Again, the use of lead perchlorate solution was jiroposed by 
Mat hers. f The solution has the following composition — 


Kkj, S. Silver 

(’OII.OM ETER 


Lead (as perchlorate) 
Perchloric acid (free) 
Peptone 
W'ater 


50 gm. 
50 gm. 
0-5 gm. 
to 1 litre 


The small addition of peptone is essential to the production 

* Trans. Anier. Klectro cheni. Soc. (1904), Vol. VI, p. 67 
t I'rans. Atner. Electro-chem. Soc. (1910), Vol. XVII, p. 261. 
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of a coherent deposit. In comparison with the silver coulo- 
meter, Mathers found that this lead cell gave a cathode efficiency 
of 99*8 ])er cent, and this inaccuracy of 2 j)arts ])er 1 00(» may be 
regarded as a tolerable allowance in many cases in whicli the 
lower cost of the materials and the larger scale in which the cell 
may be used are obvious advantages. 

Still further, the use of silver perchlorate was suggested by 
t’ahart, W^illard and Henderson* on the grounds that the 
deposit is more coherent and the sii])stance more stable than 
the nitrate. 

Reference may also be made to the use of mercury compounds 
which are em|)loye(l in some types of electrolyti(‘ meters, in 
which a small and known proportion of the current to be 
measured is by-])assed through a high resistance and a solution 
of a mercury salt. The deposited mei’cairy is collected in a 
graduated cylinder calibrated so that the \'oliime of mercury 
collected may at once be read off in terms of the kilowatt-hours 
passing through the meter, '^khis principle has found applic^ation 
in industrial and domestic eiectiic sup|)lies. 

Another substance suggested for coulometric work is iodine, 
set free at the anode by tlie electrolysis of iodides and readily 
estimated by titration with standard sodium tliiosulphate. 

* Tntn.s. Aniff. h'Avc.tro^rhcin . i^or . (!‘M)(i). \'al. LX, n. ;J75. 



CHAPTER IV 

PROPERTIES OF GASES 


Introduction. The molecules of a solute are, relatively speaking, 
widely scattered throughout the solvent. A study of their 
properties would seem to be simplified by a knowledge of the 
properties of another attenuated form of matter as exemplified 
in gases. The ])ro])erties of gases provide a helpful introduction 
to those of solutions. In a simple way we regard a gas as a 
form of matter requiring support in all directions or exerting 
pre.ssure in every direction. This is a simple idea but, as will 
later be seen, inadequate. A study of the properties should 
first be made and then an attempt at a definition. 

Properties of Gases. The compressibility of gases and 
their change of volume with change of temperature are well 
known. In each case these variations are expressible quan- 
titatively. There is a uniformity in both cases which is capable 
of conci.se statement or, in other words, as a law. 

Boyle's Law. The change of volume of a gas with change of 
pressure was quantitatively studied and stated by Boyle in 
1662, w'ho summarized his results in a statement^ knowm as 
Boyle’s la\v, as follows : “At constant temperature the volume 
of a gas varies inversely as its pressure.” In other words, at 
constant temperature the product of the volume and i)ressure 
of a given mass of gas is constant. Ordinarily a gas is under 
atmospheric [wessure (14-7 lb. ])er sq. in.; 760mm. Hg. or 
I 033 gm. ])er sq. cm.). Double the ])res.sure and the volume 
is reduced to one-half. These results are clearly expressed by 
simple graphs as illustrated in Figs. 0 and 10. 

Fig. 10 show\s the ])roduct PV constant at all pressures. 
Expressed in simple mathematical terms — 

P X F = c or P oc 

y 

This statement and tliese expressions covei’ the geneial he- 
havionr of all gases. Some deviations will be referred to later. 

34 
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Charles’s Law. All gases expand on heating and contract on 
cooling. These variations of volume with change of tempera- 
ture are common to all gases. They were quantitatively 
determined by Gay Lussac and Charles in 1801 , and are stated 
m a simple law known as Charles’s law , w hich takes several 
forms. Tn ])assing, it must he noted that these volume changes 




Kic. Hi. Hovi.k’s J^au' 


Kkj. 1). HovLfci's Law 

are first observed at constant jji'essure. The law then states 
that: At con.stant pre.ssure the volume of a gas varies to 

tlie extent of of its volume at ()'"('. for each degree in 

tem])crature variation on the centigrade scale.” Thus 273 e e 
ut O C become 274 C.C. at I°C., 275 c.c. at 2^ C. and 
' 1 0(-<. At / (. It must he realized that the fraction 

applies only to the volume at (C C. If we take l°C. as 

tlie standard temperature, then the expansion fraction or 

coefficient of expansion would be In the following table 

we have the variations over a given range of temjieratiire- 

-AJ* iOO O -,0 ]()(j 273 

273 323 373 .740 

't might apjiear that at the temperature 

1 ■ . ^ volume. It will 

owever, be obvious that even if this temi.eratiire were attainerl 

varifr'" sqi'eezed out of existence. Some 

Minatioii 111 thecontrai-fion must occur at very low temperatures 


Vol. 
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prior to liquefaction and, in general, it must be noted that 
there are usually limits to the ranges over which such laws 
ap})ly. It must not be assumed that simjile changes which 
take place within our limited experience will necessarily apply 

under all extreme conditions. Again, this fraction — is very 

^ i O 

slightly different for different gases, but the fraction may for 
simple purposes be taken as applicable to them all. 

In another case, however, the volume of a gas may be kept 
constant by confining the gas in a vessel while being heated 
and then the ])ressure changes. The same fractional change 
takes ])lace witli pressure as with volume under constant pres- 
sure and thus: ‘'At constant volume, the pressure of a gas 

varies , of that at 0° C. for each degree t’. variation in tem- 
273 

])erature.” Following the same rea.soning as with the volume 
variation, it might api)ear that at — 273° (\ the gas would 
cease to exert pressure. This unthinkable contingemry again 
does not arise, but it does appear that this — shall we say — 
hypothetical temperature of — 273° (’. provides a useful point 
at which a new scale of temperature might be made, and this 
is largely done in scientific work. The new scale is called the 
Al)solute scale, which is compared with the centigrade scale 
in the following figures — 

Absolute Scale 
Centigrade vScale . 

These variations of volume with temperature are graphed 
Fig. 1 1. They are ex])ressed as follows — 

At const, pressure: I’, r„(l a/) 

where \\ is the volume at ('. 

is the volume at (\ and 

a is the coefficient of ex])ansion. 

Further, on the al)solute scale we have — 


0 100 200 27:i 

- 273 -173 - 73 0 100 


m 


T, 


r 


0 


T. 


C’onst. 


0 


where ]\ and J\ re|)resent volume and corresponding absolute 
temperature. 



Again 

and 
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At const, volume; P, = + ^0 

P 

— = const. 

Charles’s law can then be restated thus: (1) At constant 
pressure the volume of a gas is proportional to its absolute 
temperature; (2) At constant volume the pressure of a gas is 
j)roj)ortional to its absolute temperature. 



O^A Z73^A 546°A 

II. Chahlks’s I^aw 


hor the moment the general conformity c)f all gases to this 
law is important. Slight variations will be dealt with later. 

Constitution of Gases. Now science is conceiiied not only 
with the accumulation of information but also with the 
formulation of adcMpiate explanations for the observations 
made. Why do all gases obey the laws of Boyle and (diaries, 
or in other words, why is there such uniformity of behaviour 
of gases? The answer is supplied in the simple conception 
that gases are constituted of molecules whicli, in comparison 
\\ ith their size, are widely separated. Their recognized volume 
IS really the space in which they collectively move, and the 
pressure they exert is the sum of the numerous collisions of 
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tlie vibrating molecules with the walls of the containing vessel. 
This is generally known as the “Kinetic theory of gases.” 
Now heat is defined as molecular motion. On heating, molecu- 
lar vibration is increased and is reduced on cooling. When a 
gas with freedom to e.\[)and is heated, the more rai)idly moving 
molecules require and take up more room. This constitutes 
e.vpansion. If the gas is confined in a constant volume, then 
increased molecular vibration results in more molecular colh- 
sions on the side of the containing vessel. Hence the greater 
pre.ssure. This is a sinq)le view of the constitution of a gas 
and for the moment seems adequate, at least qualitatively. 

Combining Boyle’s and Charles’s Laws. It now becomes 

possible to combine variations of volume due to both pressure 
and temperature changes in a single exj)ression. Assume that 
a gas at 1 and undergoes a change involving variation 
of all three factors, say to 1\ and Follow the change in 
two stages — 

(i) Kee|) the temperatui'c constant and vary the ])ressure 
from to Then the new volume will not be F,, as this is 
only attained when the temperature has altered to 7',. Call 
this new volume 

rhen /'„r„ l\r and c -= " 

‘ 1 


(2) Now vary the temperature to 1\ when 

r \\ 


T 


0 




Substitute the value of v thus — 

r. 


Henee 


P V 
P T 

^ 1 ^ n 

r 

7 


- const 


0 


That is, with a given mass of gas the product of the volume 
and pressure divided by the absolute temperature is constant. 
The expression takes the usual form of PV ^ cT. 

Avogadro’s Law. In the foregoing we have not had any 
definite quantity of gas in mind. Avogadro in 1811 put for- 
ward the suggestion that the common behaviour of gases could 
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only be due to a quantitative similarity. He expressed his 
conclusions as follows: “Under similar conditions of tein])era- 
ture and pressure, equal volumes of all gases contain the same 
number of molecules.” This original suggestion or liyj)othesis 
has been so abundantly established, and has })rovide(l one of 
the chief methods for the determination of the molecular 
weights of volatile substances, that it has long passed from the 
region of hypothesis to that of a welhestablished law. Imagine 
separate litre volumes of a number of gases. Each contains 
a very large, but according to Avogadro's law the same, number 
of molecules. The relative weights of the etjual volumes 
are thus the relative weights of the individual molecules, a 
first important step in the determination of molecular weiglits. 

Note that the law states “similar” -not necessarilv cxactl\' 
the same - conditions of temperature and pressure. Thus in 
two cases one gas. say hydrogen, might be at X.d'.P. Anothei- 
gas. say oxygen, might, however, he under different individual 
conditions, with, for example, an increased pressure (reducing 
the volume) with a corresponding increase of temperature 
(increasing the volume), thus restoring t he original volume, d'his 
compensation arises from tlie fact that (’harles's law is a [> 10 - 
portional law while Boyles law is one of inverse pro|>o 7 ‘t i(jn. 

Determination of Molecular Weights, d'his may he dealt 

with briefly in ])assing. \\ ithout adducing the evidence, it may 

be stated that the molecule of hydrogen contains two atoms. 

Molecular hydrogen is therefore H.,. Taka tlie atomic weight 

of hydrogen as unity. (More exactly it is 1-008 when Hie 

oxygen standard of Hi is adopted as is now the rule.) The 

molecular weight of hydrogen becomes 2. Now oxygen is 

sixteen times as heavy as hydrogen. Its molecular w'eiLdit is 
therefo7*e lt> x 2 - 


- ‘12 and thus of a uas- 

o 

Molecular weiglit — Density.,, 


0 


X 2 


The Gas Constant. Now consider a moleculai’ weight of a gas 

in giammes. This is briefly referred to as tiie gm.-mol. This 

is 2 for hydrogen, 32 for oxygen. 28 for nitrogen and 44 for 

carbonic acid gas. The weight of a litre of hydrogen at X.T.P. is 

apjaoximately 0-09 gm. One gramme of hydrogen therefore 
. 1 . * 
occuj)ies 1 1*1 i litres. The \'olumeof tlie gramme molecular 
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weight is therefore IMl x 2 
follows that the volume of a 
at N.T.P. is 22-22 litres. This is 
arising from Avogadro’s law. 

Taking the gas equation — 


= 22-22 litres, from which it 
gramme-molecule of all gases 
a very important generalization 


P V = cT 

we can now find the value of c, taking the gramme-molecule 

and standard units of pressure and volume. For the former, 

gm. per cm. 2 , and for volume, cm.*'^ are adopted. For normal 
temperature and j)ressure — 

P — 1 033 gm./cm.2 
V = 22 220 c.c. 

T = 273° A. 


Hence 



1 033 X 22 220 
273 


84 000 approx. 


This gramme-molecular constant is usually designated R. The 
gas equation for the gramme-molecule becomes PV — RT 
where — 84 000. Another point may in passing be noted. As 



"2 and V ~ cm.^ 
cm.^ 



gm. X cm.® 
cm . 2 


gm.-cm. 


This quantity gm.-cm. will be recognized as of like character 
with the foot-pound, and is thus a measure of work done during 
the expansion of a definite quantity of the gas under definite 
conditions. This is another matter which need not here be 
|)ursued in detail. 

Definition of a Gas. We have now reached a point at which 
a more accurate definition of a gas can be given. A gas has now 
to be regarded as that form of matter which conforms to this 
general gas equation and thus “obeys” the laws of Boyle, 
Charles, and Avogadro. If it should be found that a substance 
dissolved in water conforms to this equation there will be no 
alternative to regarding it as a gas, contained within the 
solvent. 

Apparent Deviations from the Gas Laws. Now according to 
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the law of Boyle, PF = c and PV plotted against P gives the 
horizontal line represented as AC in Fig. 12. With higli pres- 
sures, however, there are marked deviations from this straight 
line. These deviations are typified in the line ADBK. The 
exact form varies with different gases. The deviations merit 
some attention if only for the sake of correcting the simple 
notion of the constitution of the gas which we have already 
adopted. 

From the curve ADBE the descending portion Al) re])resents 



a lower P V value. From D to K some opposite effect is apparent. 
At 1) these two effects exactly balance one anotlier. It would 
ap[)ear that the portion A I) is ])art of a curve which is con- 
tinued with the dotted line l)F while the portion DE requires 
completion with the dotted line 01). Let us briefly inquire into 
these new observations. We have so far assuiiied that the 
measui'ed v'olume of tlie gas is tlie space in which the molecules 
are vibrating. Let us exaggerate the case. Suppose that the 
measured volume is 10 and the actual volume of the molecules 
is 1. Then the space in which the molecules vibrate is only 
10— I Presumably, therefore, we ought to be using 

y ~ where b represents the volume of the molecules instead 
nf I . This would account for the depression. Moreover, with 
increased j)ressure or smaller volume there will be a larger 
proportional reduction accounting for the descent of the line. 

Again, the individual molecules of all substances attract each 
other. In a solid this attraction gives the rigidity. In a gas 
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there is very much less attraction between the widely separated 
molecules, but this is considerably increased with the diminu- 
tion of inter-molecular distances accompanying reduction of 
volume occasioned by high pressures. On a molecule completely 
surrounded by other molecules, these attractive forces balance, 
but It may be imagined that witli molecules on the surface of 
the containing vessel tliere is not this balancing effect. The 
inner molecules are ])ulling the outer ones and thus adding 
pressuie to them over that observed of the jiressure gauge. It 
appears then, that the ()bserved j)ressure sliould be increased, 
giving ail increased P] which becomes very prominent at high 
|)iessuies. Hence the volume correction is more conspicuous 
from A to D where it is balanced by the pressure correction, 
after vhicli tlie latter overtakes the volume correction. A 
quantitative treatment of these deviations due to V^an der 
\Vaals is not (*alled for here. It suffices for us to recognize that 
in the pursuit of scientific law simple ideas gathei'cd over oiii’ 
fii’st limited experience not infi’e(iuently need elaboration with 
widened experience. Too sweeping genei’alizations must not 
he made on limited data. 

Thermal Dissociation. Another type of deviation from the 

usual gas behaviour is that occuiTing when the heated gas 
imdei’goes decomposition. Many substances decompose on 
heating and the pi'oducts do not recombine on cooling. The 
reactions ai‘e not revei'sible. From the formula of sulphuric 
acid it might be assumed that the density of the acid vapour 
should lie 9S -y 2 - 49. As a matter of fact it is only 24*.‘). 
Ibis points to the vapour occupying twice the anticij)ated 
x'ohime under* standard pressiu’e and tern])er’atui*e conditions. 

It is known that when the a(*id is lioiled it imdei’goes de- 
composition as follows — 

H.>S()j - HA) + 80 ., 

1 hese pi'oducts I’ecombine on cooling. This I’evei’sible de- 

com])osition is called thermal dissociation, I’ever’sibility being 
ex])ressed as follows — 

H28O4 H2O + SO3 

In the decomjiosed state tliere are twice as many molecules 
as would be anticipated. Ihis, in accordance witli the law of 
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Avogadro, gives twice the volume and the observed density of 
one-half of that calculated from the formula. 

Thus the method of determining molecular weights of volatile 
substances from their densities is only possible when vaporiza- 
tion takes place without decomposition. Numerous examples 
of thermal dissociation might be given, but we shall take one 
only for quantitative treatment. 

Nitrogen peroxide at 'IT C. is a light brown gas with a 
density of 46 (H 1) and corresponding, therefore, to the 
formula N 2 O 4 . At 140° C. the density (after allowing for 
thermal expansion) is only 23. corresponding to the formula 
NO 2 . The colour of the gas at this point is dark brown. Inter- 
mediate tem])eratures and densities are given as follows — 

deg. (J. 22 26*7 60 100 140 

Density (u i) 46 38 30 24 23 


It would be of interest to know the degree of dissociation at 
the intermediate temperatures. 

For a simple calculation let a represent the fraction dis- 
sociated. Then 1 — a represents the undissociated ])ortion. 
In this case — 

N .,()4 ^ 2 X 0., 

s(j that each dissociated molecule ])roduces two molecules. The 

total number of molecules in the partly dis.sociated substance' 
will then be- - 

1 — a 2 a ~ 1 4 - a 


These densities are being measured under constant jn’essure. 
According to Avogadro's law, molecules ref)resent proportional 
volumes. With increa.sed volume there is decreased density. 
Let original density (46 at 22° (J.) and d the observed 
density of the partly dissociated gas. Then — 


D 1 + a 
d I 


from which 



and at <i 0 ° C. 

4 (lJ73) 


a 


46 - 36 

30“ 


0-533 
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In a more general case, however, we may regard one molecule 
of the dissociated substance producing n molecules of products. 
The total number of molecules then becomes — 

1 — a + na = I + (w — 1 ) a 
The degree of dissociation then becomes — 

- 

^ d(n — 1) 

When n = 2, n — 1 becomes unity, and thus disappears, as is 
the case with nitrogen peroxide. 

All these principles governing the behaviour of gases will 
find some application in a study of the properties of solutes. 

Partial Pressures. As solutions in some of which we are 
particularly interested are mixtures of substances, it may be of 
interest and value to consider the ])roj)erties of mixtures of 
gases. 

A simj)le case will be that of air which will be regarded as a 
mixture of oxygen and nitrogen in the usually stated propor- 
tions of one to four. We need to clarify our ideas as to the 
interpretation of this proportion. It is, for example, evident 
that both gases are equally diffused throughout each other. 
Put in another way, we may, indeed must, regard a litre of aii- 
as containing litres of each of the gases, the oxygen component 
being at one-fifth of an atmosphere pressure and the nitrogen 
at four-fifths of an atmosphere. Only when these components 
are withdi-awn and each brought to atmospheric pressure are 
their volumes one-fifth and four-fifths of a litre respectively. 

Obviously it is more correct to consider any volume of mixed 
gas as containing the same volume of each of the components, 
each with its jiarticular or partial pressure. Moreover, the 
behaviour of these components is in many properties dependent 
upon these partial pressures. Take, for example, the solubility 
of the air in water. 

At normal pressure oxygen and nitrogen separately dissolve 
in water to the extent of 4*8 and 2*0 c.c. respectively in 100 c.c. 
of water at 0° C. In air the oxygen is only under a pressure 
of one-fifth of an atmosphere and its solubility (measured in 
actual mass of the gas) or volume measured at normal pressure 
is only | of 4-8 = 0-96 c.c., while that of nitrogen is 4 of 



PROPERTIES OF GASES 


45 


2-0 = 1*6 c.c. Thus the total volume of air dissolved is 2*56 e.c., 
the dissolved air having the composition of — 

.A -96 

Oxygen x lUU = 37*5 per cent 


2*56 

XT-, i’h 

ixitrogen -- v loo 






It is thus generally stated that the solubility of a gas from a 
mixture is dependent u|)on its ])artial pressure. Shake a volume 
of air with water. Its oxygen is, in part, dissolved. Now add a 
considerable quantity of nitrogen, thus increasing the total 
internal pressure. The solubility of the oxygen remains un- 
changed in spite of the increased total pressure, as the com- 
ponent, or part of the pressure due to oxj'gen aiul under which 
only oxygen dissolves, is unchanged. This independence of the 
constituents of a mixture is a i)henomenon of considerable 
ap])lication in other mixtures, including solutions. 

[Note. Tlie volume of a gm. mol. of a gas at N.T.P. is 
frequently stated to be •22-22 litres, while in other cases the 
figure 22-32 litres may be found. The former figure is ba.sed 
on the weight of a litre of hydrogen (at N.T.P.) being ()•()!) gm.. 

while the latter figure finds its origin in the weight of a liti-c 
of hydrogen being taken as gm. | 



CHAPTER V 

PROPERTIES OF SOLUTIONS 

Introduction. For present purposes a solution may be defined 
as a molecular mixture of two or more substances. Those of 
immediate interest will be mainly composed of solids and liquids, 
and occasionally gases, in some liquid solvent. This will there- 
fore cover a wide range of electrolytic substances. With a dis- 
solved solid the terms solvent and solute are clear. With two 
liquids such as sulphuric acid and water we must be a little 
more elastic in the use of these terms. More recently it has 
become the custom to refer to the solvent as the ‘‘dispersion 
phase,” the solute then being called the “disperse phase.” This 
wider definition admits of the application to colloids, in which 
the dispersed particles are not down to molecular dimensions 
and the mixtures are therefore not to be regarded as true 
solutions. (See Chapter XX.) 

The Process of Solution. Some simple, yet very important, 
observations can be made when a quantity of salt is put into 
water. These are — 

(a) The Cooling Effect, This is common to all examples of 
solution except those in which there is definite chemical action 
(such, for example, as the addition of sulphuric acid to water 
or the hydration of dehydrated copper sulphate). The 23repara- 
tion of the usual forms of freezing mixture involves this prin- 
ciple, and by the addition of salt to ice-cold water the tempera- 
ture may easily fall to — 10° C. This cooling or absorption of 
heat would appear to be due to a change of state involving the 
transformation of sensible heat into molecular energy. One 
gramme of ice at 0° C. melts to Avater without rise in tempera- 
ture with the absorption of 80 calories. This is the latent 
heat of fusion of ice. Further, one gramme of Avater at 100° 
absorbs 537 cals, during its conA’-ersion to steam Avithout increase 
in temperature. This is its latent heat of evaporation. The 
decrease in temperature during the process of solution would 
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therefore suggest a change of state from the solid to. ])o.ssil)ly, 
a form analogous to that of a gas. 

(^) Diffusion. Solutes diffuse tliroughout the solvent in a 
manner akin to that of tlie spread of one gas either into a 
vacuum or tlirougliout anotliei- gas. (la.seous diffusion is rela- 
tively ra])id because of the freedom of the molecules. The 
diffusion of solutes is naturally very much slower on account of 
the much finer intermolecular .spaces in the solvent as evidenced 
by the very small degree of compressibility of water. 

liiiefiy, then, it may be said that it is a reasonable suggestion 
that a solid, in dissolving, a.ssumt'.s a form which appeal’s to b(* 
similar to that of a gas. 

1 he question arises : Is the solnte in a gastams form { If .so, 
it will be amenable to the usual gas laws, including tho.se of 
Hoyle, Charles, and Avogadro. d’he real test lies in the ap|)lica- 
Lion of the gas con.stant. d'o obtain this constant, a number of 
values are rerpiired. 'fhese include temperatui'c ((>asily mea- 
sured on a thermometer), volume or space in which the .solute 
molecules move-this will be the volume of the solution- the 
mass which is readily obtained, and. finally, the iire.ssure 

exerted by the solute molecules. 'I’his last value seems to 

pre.sent the difficuitv. 

_ « 

Osmosis. Xow the diffusion of the solute is obvious. 'I'he 
solute .si)reads throughout the solvent through some inherent 
prc.ssure. How is this to be determined ' Cas pre.ssure is onlv 
measured by preventing gas diffusion, either by the hei<rht of 
a mercury column or the .strength of the spring' of a <uuice If 
lor the moment, we ac<-ept the usual notion of the e.xdsteiU’C of 
ether, then the gas whose pre.ssure we measure .seems like the 
solute m ether, which is the .solvent, .Measurement of .ms 
pressure involves the use of a diaphragm impermeable to the 
gas but penneable to the ether. Is it possible to produce a 
diaphragm which will be able to prevent the pa.s.sage of a 
solute a bile giving freedom of pa.ssagc to the solvent and 
therefore not ac(|Uiring any of the .solvent pressure? Such 
seini-pennealile diaphragms, as they are called, are well 
known. 1 hey prevent the pa.s.sage of the .solute and thereby 
pick up the .solute molecular bombardment, but allow of th'e 
inessap or ■’osmosis of the solvent, d'lie term osmotic pres- 
siiie is dehned as the pressure re(|uired to prevent osmosis. 
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An apparatus designed to show osmotic phenomena is called 
osmotic cell, uhile if this is designed to record osmotic pressure 
it becomes an osmometer. 

substances exhibit semi-permeable 
pro])erties. Ihese include copper and zinc ferrocyanides, silicic 
acid and calcium pliosphate. (>opj)er ferrocyanide was used for 
this purpose by Pfeffer in 1875. A film of this substance has of 

itself no inherent strength with which to with- 
stand the pressures to be measured. It is there- 
fore prepared within the wall of a porous rigid 
substance, tlie jnirpo.se of which is merely to 
reinforce it. 

A simj)le type of osmotic cell is shown in 
h ig, 1.4. This consists of a small and clean porous 
cell (c) from the pores of which the air has been 
removed by boiling with water or jireferably 
subjecting to diminished pressure under a ))ump. 
On releasing the suction water takes the place 
of the air. This operation should be done as 
completely as })ossible. On it depends the con- 
tinuity and therefore effectiveness of tlie semi- 

V 

])ermeable partition to be produced within the walls of the cell. 

The cell is now filled with a weak solution of potassium ferro- 
cyanide (4 per cent) and stood in a beaker containing copper 
sul])liate of equal strength. These liquids permeate the walls 
of the cell and, meeting, develop a tliin film of copper ferro- 
cyanide. Time must be allowed for the development of a 
sufficiently thick de])osit, and special methods are followed to 
ensure this. Subsequently the cell is emptied and most thor- 
oughly washed to remove all traces of the two salts. It is kei)t 
by standing in distilled water. 

Into the cell is placed a 1 per cent solution of sugar. The cell 
is tightly sealed with a rubber stop])er and is conveniently 
sealed with wax to a dej)th of, say, lialf an inch from the toj). 
where it is likelv that the ferroevanide film has been onlv im- 
perfectly developed. Through the rubber stopper is a glass 
tube as shown. The whole is now stood in water so that the 
levels outside and inside the cell shall be approximately the 
same. Assuming the success of the production of the semi- 
j)ermeablc membrane, there will be observed a rise of liquid 


Kic. \'A 

Osmotic (’kll 



PROrEKTlEft OF SOLt^TlONS 


49 


within the tube. Normally we should allow this to proceed to 
completion, that is, until the column becomes stationary. The 
column of liquid within the tube must have been the result of 
the entry of liquid through the co])per ferroeyanide Him. tlius 
develo])ing ])ressure within tlie cell. The stationary column (h) 
represents the hydrostatic |>ressure to prevent the further How 
of solvent into the cell and is therefore a measure of a difference 
of ])ressure which occasioned this How. Quite astonishing 
heights of columns are obtained. For example, a 1 ])er cent 
solution of sugar would, under the best conditions, give rise to 
a column no less than ft. high, thougli more exact Hgures 
will be given later. 

We trace the origin of this pressure in the following manner; 
The watei- on tlie outside of the cell is a single substance. The 
solution inside has two components, water and sugai'. each 
part of the mixture develoi)ing its own jue.ssure. In the first 
instance their total pressures are the same, say P. The original 
pressure of the water on the solution si{le is obviously less, (’all 
this P' ami the pressure exerted by the solute />. Then — 

P P' -i />, i.e. p - P- P' 

Thus water passes through the membrane under a pressure 
equal to that exerted by the solute, and this is tlierefore 
measured as the hydrostatic pressure of the stationary column 
of li(|uid. This hydrostatic column is obviously inconvenient 
in its height, and it may be replaced by a mercury column re- 
ducing the height by a figure expressing tlie density of mercury. 
Alternatively, especially where very high osmotic pre.ssures 
are concerned, a pressure gauge is sub.stituted and the.se osmotic 
pressures sometimes go up to .some hundreds of atmospheres. 

I he manipulative details are. liowever. not of immefliate inter 
est . 1 he interpretation of the results is of greater importaiu^e 
in the deveIo|)ment of tfie study of electro-chemistry. 

As fai' back as IS/.) Pfeffer made measurements on these 
lines. Working with diHerent sugar solutions at (*onstant 
temperature he obtaiiuMi the following results— 

Per ('(‘lit 

Os. P. Vm. Hg. 

53 0 
lOl-C 


.Suga r 

I 

•) 


ii 


208-2 

317 -.") 
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from which it will be seen that the osmotic pressure is 
pro])ortioiial to the concentration of the solute. Now con- 
centration increases as the volume containing the same mass 
decreases, and thus we can say that the osmotic ynessure is 
inversely jwoportional to the volume of a given mass of the 
solute. This, with a little thought, will be recognized as con- 
forming to Boyle's law, indicating that the solute is probably 
in the gas form. 

Similar experiments were made with a solution of constant 
strength but varying the tempei’ature. PfeflPer obtained the 
following results — 


Temp. ^ V. 

Os. P. (Cm. Hg.) 

Us. P. 
Abs. T.' 

( 3-8 

50-5 

0-180 


r)21 

0-182 

14-2 

r»3-l 

0-185 

220 

54-8 

0186 


from which it becomes aj^parent that osmotic pressure increases 
with the absolute temperature, again agreeing with the be- 
haviour of gases. These results liave been abundantly confirmed 
by many experimenters using many other solutes. They 
definitely lead to tlie conclusion that a solute is behaving in an 
atmos])here of the solvent in exactly the same manner as the 
molecules of a gas in the ether. 

Much more elaborate methods were later worked out for a 
more detailed investigation of the phenomena and Table IV^ 
gives some more accurate results which were obtained by Moise 


TABLE IV 


OSArOTK’ 


PUESSUHES OF SOLUTIONS OF C.A.NK SUGAR 


(MORSE) 


Cone. 
Gm.-mol. 
per I 000 
Gm. 
Water 

Osmotic Pressures (Atmospheres) at Different 

Temperatures (° C.) 

0 ^ 

10 ’ 

j 

20 ° 

30 ° 

1 

40 ’ 

0-2 

4-72 

4-89 

5-06 

5-04 

5-16 

0-4 

9-44 

9-79 

10-14 

10-30 

! I 0 . 6 O 

0-6 

14 - 3 S 

14 - 8 ;") 

15-40 

15-71 i 

! 16-15 

0-8 

19-48 

20-16 

20-90 

21-37 

21-80 

1-0 

24-83 

1 

25-69 

26-64 

27-22 

\ 

27-70 
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witli solutions of cane sugar of different concentrations and at 
different temperatures. Simple calculations will show how 
closely they conform to the behaviour which might he antici 
pated if the solute is in a form analogous to that of a gas. 

Application of the Gas Law to Solutes. 'I’he can lx* 

tested (|uantitatively by ascertaining if the usual gas constant 
holds for molecular rjuantities of the solute. Take from the 
figures given above the following: A I per cent solution of 
cane sugar at b-s® (*. gives an osmotic pressure of oO-o cm. of 
Hg. The 1 per cent solution may be taken as containinu one 
gramme of the sugar in loo c.c. of solution, 'fhe gi ammeoiude- 
cule would therefore lx* contained in (( \.d )j, lU'l) :U 2oo 
c.c. The osmotic |)iessure is oO-T) ,< i-Vfigm. per cm. From 
the gas e(|uations we have lo tind the vahu* of the constant 

P\ .”)0-r> X l:M) X 200 

T ‘c^v^rT h-s) ■ 




<ind thi.s must he takim as a sulliciciit l\’ closi" agi'cinnent to 
justify the conchisioii that, hy the must e.xact dcliiiition of a 
gas. the hehavioui' of the sugar solut(‘ ^•oldirm.s the suggestion 
that it is in a (plant itatively analogous form. 'I’hi.s iiUai is of 
considerable value in the development of the conception of the 
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Determination of Molecular Weights, llerc.it would appear. 

IS a methocl for the determination of molecular weights of sub 
stances which, on account of decomposition at eliTvated tem 
pcraturcs, that is before or on volatilization, are not amenable 
to the application of the law of .Avogadro to the sub.stance in 
the f(nin of a gas obtained by thermal nuPhods, 'rims in solu- 
tion form, the molecular weight will be that ma.ss which dis- 
solved m 22-2-.' litiTs of waiter will at 0"('. give an osmotic 
pressure of one atmosphere. 

.Militating against the application of the method, however. 
IS the ddficulty of preparing semi-permeable memliranes of 
sidhcient continuity and .strength to withstand the pre.ssurFs 
involved, and this method is thcridbia' one onlv capable of 
manipulation in the hands of the expert. 

Definitions. We have already used the term “osmotic 
pres-sure ’ in a manner indiiaitive of the pressure under which 
a .solute diffu.ses from a stronger to a more dilute solution 
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This is- I)erhaps- a loose application of the term. It will be 
aj^preciated from the method of measurement that this diffusion 
IS determined not directly, but indirectly by opposing the 
passage of the solvent into the stronger solution. In fact it 
could be argued that osmotic phenomena are not exhibited 
without the ])resence of a semi-permeable membrane, and are 
m fact the changes occurring about that semi-permeable par- 
tition. Thus osmosis may be more correctly defined as the 
passage of solvent through a semi-f)ermeable membrane from 
a dilute to a stronger solution, this definition therefore in- 
cluding the case of the ])ure solvent as an extremely dilute 
solution. Osmotic j^ressure thus becomes the pressure neces- 
sary to prevent osmosis in a given system. Though the nu- 
merical expression of the osmotic pressure is independent 
of the definition, the latter expression of the phenomena 
seems more correctly to fit the observed facts. The term 
osmotic ])ressure is, however, frecjuently used to indicate 

diffusion pressure and should oc(*asion no misconception in this 
application. 

A simple ex[)lanation of the process of osmosis is that the 
semi-permeable membrane acts as a filter, allowing the [)assage 
of the smaller solute molecules and not the larger solute 
molecules. This is called the “sieve" theory. It is inadecjuate 
in that many solutes and ions which are also present are not 
sensibly larger than the somewhat complex solvent molecules. 
An alternative suggestion is tliat the membrane acts by the 
process of selective solubility. The solute molecules are 
soluble in the membrane, are absorbed by it. and thus pass 
through, while the solute is insoluble in the material of the 
membrane. There appears to be some experimental support 
for this idea. Into a vessel introduce successive layers of 
chloroform, water, and. on the top, ether. Chloroform and 
ether are miscible but separated by the water. Chloroform 
is immiscible with water, while ether is slightly soluble in 
water. The ether at the top is absorbed by the water and passed 
on to the chloroform. The top layer of ether slowly dimin- 
ishes, while the layer of cliloroform increases in depth by 
reason of the ether which has passed through the water. This 
seems a reasonable explanation, even if it has no immediate 
application. 
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Measurement of Higher Osmotic Pressures 

Lor the .neasureinent of greater osmotic pressures. Morse 
and hraser took more care in the preparation of tlieir feno- 
cyanide membranes. Tliey employed tlie method of passim^ a 
current tlirougli tlie two solutions contained inside and out.sTde 
the porous pot, this metliod more effectively bringimr together 
the co[)|)er and ferrocyanide ions within the wads of the 
pot. The production of thicker and better diaphragms 

P 



Solution 




] 


Solvent 



\Porceiain. 

Tube v/ith 
/Membrance 


14. Buhkklkv’.s .^nd U.\hti,|.;v’.s O.smomkti. ii 

enabled the.se workers to measure much greater osmotic nres- 

•sures and thus to e.xtend the range of observation to much 

stionp- .solutions with, as will be seen, some interesting and 
usetui results. ^ 

A further development of the osmometer is due to Earl 
leikclcy and L- Hartley, who.se apparatus is diaoram- 

matically .shown m Fig. 1 4. This diagram is sufficientlv explana- 
loiy, and from it it will be realized that the sohitioirsurround 
mg the .senu-permeable partition is subjected to iire.s.sure in 
oidei exactly to balance the tendency of the water within the 
tube to pa.s.s by osmosis into the solution. The results obtained 
by his method checked up with tho.se of Morse and Fra.ser and 
took the investigation of osmotic phenomena into the realm 
o veiy strong .solutions, the apparent abnormalities of which 
will call for attention in the solution of problems which are 
outside the range of the simple laws first observed 

Abnormal Osmotic Pressm-es. We must apparently always 

he on the look-out for abnormal behaviour of certain cla.s.ses if 
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compounds. These abnormalities caU for extensions of our 

conceptions, when they can be seen to fit in with the general 

scheme. With osmotic pressure such abnormalities are of two 

general types. There are, for example, those which aresliahtlv 

in excess of the values anticipated by the application of the 

gas laws, while with other exanifiles the excessive values are 
considerable. 

Illustrative of the first type the following figures may be 
given — 

TABLE V 


SUCROSE AT 



Orii.-niols. 
per 1 000 Gm. 
Water 


01 

0-2 

0*4 

0-0 

0-8 

I-O 

(I) 


Gm.-mols. 

1 — 

O.-smotic Pre.^sure.s (Atmospheres) 

per 1 000 o.c. 
Solution 




Ohs. 

1 Calo. I 

1 Calc. TI 


0 09S 

% 

2-4S 

2-31 

2-36 

! 0-102 

4-01 

4-r>3 

4-72 

o-;uio 

0-78 

8-71 

9-44 

o-r>3s 

14-86 

12-58 

14-16 

0-684 

20-07 

16-14 

18-88 

0-82r) 

2r>-40 

19-40 

23-63 


Cb 

(4) 

(5) 


This table includes results which have been obtained experi- 
mentally together with others whicli have been calculated. On 
the latter point, however, there arises the difficulty as to 
whether we tiught to take the volume of the solvent or that of 
the solution. The figures include those calculated by both 
methods. Column 5 gives the calculated results on the assump- 
tion that the sugar occujiies the same volume as the solvent, 
while column 4 gives the calculated results on the assumption 
that the solute occupies the volume of the solution. It will 

be seen that the former are nearer the results obtained 
experimentally. 

These excessive osmotic ])ressures may ])e due to the possible 
combination of the solute with some of the water, there then 
being less water functioning as solvent. There is considerable 
evidence of the existence of such loose compounds in water 
solutions, and from the decreased solubility of certain gases 
in water to which a solute has been added it is possible to 
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calculate what is called the degree of “hydration.” A more 
general term is that of “solvation,” implying the loose com- 
bination of any .solute with the solvent. This aspect can be 
considered later, but it would account for osmotic pressures 
somewhat in e.vce.ss of those anticipated. 

Osmotic Pressure of Electrolytes. The second ca.se concerns 

substances which in aqueous solution form electrolytes, that is 

they conduct electricity, generally with concomitant chemical’ 
(ihange. 

The.se abnormalities are considerable. For e.xample, a normal 
.solution of |)ota.ssium chloride (containing 74-5 gm. K('| pci- 
litre) gives an osmotic pre.ssure of the order of ;5!» atmospheres. 
Ordinarily, we should expect a much smaller value, which is 
obtained in the following manner: If the gramme-molecule of 
KCl occupied litres, then at iFC. it should give a gas 

lire.ssnre and therefore osmotic pre.ssure of one atmosphere In 
the .solution containing one gramme-molecule of K('| in ime 
htre there should he a eorres|)onding increase in pre.ssure 
to 2 l-:{ 2 atmosjiheres. 'I'he observed figure, however, is more 
nearly :{<( atmosiiheres. Similarly, a normal solution of eoiiiier 
.sulphate shows an osmotic pre.ssure which is nearly one 
and a quarter times that anticipate.! from calculation’ lia.sed 
on the known behaviour ..f simple organic su Instances such as 
sugar, from which the simple laws of osmotic pre.ssure were 
dediK-ed. In the ea.se of the.se two sii Instances, these atinormal 
osmotic pressures vary between the theoretical value and twice 
that figure. I otassium sulphate, on the other hand gives 
exce.ssive results up to. hut not e.xeee.ling, three times tl^ 

dilution'*'' ahnormaiities increa.se with 

Jhe smqile e.xplanation of this behaviour is that such mole- 
cules are .separated into ions in water .solution. The.se ions as 
separate entities, function as molecules. The.se charged masses 

the case of .sodium chloride can never e.xceed^twiee the 
mnher of the original molecules, and this maximum is on y 
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by ‘'electrolytic dissociation/’ as the process is called, to not 
more than three ions. Finally it might be possible from the ex- 
cessive osmotic pressure to compute the extent to which such 
dissociation has taken place. This is a matter which can be 
referred to later to greater advantage, but we have at least 
some reasonable suggestions to account for the abnormal 
behaviour of some substances when examined from the point 
of view of osmotic [iressui’e. 

Freezing-point of Solutions, It is well known that the 
freezing-point of a solution is inarkedlv lower than that of the 



NaCl 0 


23-5 
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solvent. Salt solutions can be taken down to — 10° ('. or lower 
without freezing, and it is common jmictice to make an addition 
to the water of a radiator of a motor-car to prevent freezing 
with its acconi))anying damage. 

The phenomenon has been exhaustively explored, and a 
number of simple laws enunciated. 

The first law expresses the fact that the de[)i‘ession or lower- 
ing of the freezing-j)oint of a solvent is proportional to the 
concentration of the solute. This in tlie case of sodium chloride 
is illustrated by the line AB in Fig. 15. 

Secondly, there is a maximum depression, which in this 
exam})le is indicated by the point B. corresponding to a 
solution containing 25*5 per cent of salt in 76*5 per cent of 
water. 

With still stronger solutions the freezing-j)oint is again 
raised, but freezing consists in the separation of salt and not 
solvent. This is the well-known process of crystallization. 
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Again, all solutions of sodium chloride below 23-5 per cent 
strength liave two definite freezing-points, the higher one at 
which ice begins and continues to form, and a lower one at 
which the whole of the unfrozen matei‘ials. both solute and 
solvent, freeze out together. The higher of the two fieezing- 
points is reduced with increasing concentration of solute, while 
the lower is constant for all mixtures. The particular com- 
position which has this one and only lowest freezing-point is 

^ ^ ^ it c . 13elow ■ this c(jncentration freezing 

Krst (-onsists in tlie crystallization of the solvent, in this 



case, water as ice. Above this concentration freezing consists 

in the separation, or crystallization as it is more usually called 

of the solute. Thus the area AB(' re|)rescnts the conditions for 
t he separation of ice. 

'I'he.se phenomena have their almo.st e.xact analogue in the 
case of a number of mi.xed metals or allovs, in whidi the first 
liesirable property of a solder is that it should have a melting- 
j)omt considerably lower than that of the metal to be soldered 
The behaviour of the lead-tin series of alloys is shown in 
Kig Hi winch, is in almost every sense exactlv compaiable 
with the behaviour of common .salt .solutions. Here the alloy 
with the lowe.st melting-])oint is known as the ‘-eutectic,” and 
111 this case is one containing apiiroximately 7(1 jier cent of tin 
and :i() per cent of leail. It will be seen from the diagram that 
he addition of relatively high melting-point lead appreciably 
loners the melting-point of the lower melting-pl.int tiii 
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Proportionality with the addition of each to the other is indicat- 
ed the sloping straight lines, the eutectic melting at about 
IHP ( . \\ ith less than 70 per cent tin, freezing consists of the 
crystallization of the lead in excess of the eutectic composition, 
while with niore than 70 |)er cent tin freezing is first the 
crystallization of the tin which is in excess of this eutectic 
composition. The choice of a solder for tin goods is definitely 
limited to the eutectic mixture, the usual composition being 
that of tw'o parts of tin to one of lead. Again the mixture of 
two ])aits of lead to one of tin for plumber’s solder is deter- 
mined by ( I ) the low er melting-point of this alloy in comparison 
with that of lead, and (2) a definite range of temperature from 
2o(> to 180^ C. during which the alloy passes from the liquid to 
the solid state, giving the plumber time to ‘‘wipe” his joint. 

Reverting to solutions, howev'er, it was next observed that 
wiiat are called equimolecular solutions give the same depres- 
sion of freezing-point. One interpretation of ‘‘equimolecular” 
is that in separate litres of water, gramme-molecular quantities 
of various substances are dissolved. Molecular quantities by 
mass I’epresent equal numbers of molecules. Another inter- 
pretation of the term, however, is that of a solution in w^hich 
there is an equal number of molecules of both solute and 
solvent. This interpretation may be of use in the general the- 
oretical treatment of the subject, but will of course be outside 
the range of practical work involving, as it would, the solution 
of a gramme-molecular w'eight of sugar ((' 12 ^ 22011 ) 
in a gramme-molecular weight of water or 18 gm. The former 
interpretation will be applied in the yu'esent consideration. 

KaouU's Law then states that eciuimolecular .solutions give 
tlie same de|)ression of FA\ For exam|)le. 342 gm. of cane 
sugar dissolved in a litre of w'ater wull ])rovide a solution of the 
same freezing-])oint as that of a solution containing 180 gm. of 
a sugar of the typc. This dey)ression of freezing-{;)oint 

is l-8()° C. If we exclude electrolytes the law' has a very general 
a[)|>lication. (Jiven an accurate method of determinino" freezintJ^- 
points, we are provided w'ith a method of determination of the 
molecular w'eights of many substances which cannot jiossibly, 
owdng generally to decomposition, be subjected to vapour 
density methods, and by the freezing-|)oint method the molecu- 
lar w eight w'ill be that weight w hich, dissolved in I 000 gm. 
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of water, will give a solution with a freezing-point of — C. 
This figure, 1*8()°C\, is called the “molecular depression.” 

Further, the same phenomena are observed with other sol- 
vents, bringing into the range of freezing-point determination 
many organic substances which are not soluble in water. Fach 
of these solvents has its own molecular de|)ression (A'), these 
values, all in terms of the gramme-molecule of the substance in 
I 000 gm. of solvent, being shown in Table \'l. 


TABLK VI 

MOl.KC’ULAK DEPRESSION' OK KKEEZIXC-POlNT 


Solvent 

K.P. 

^ C. i 

K 

0 0027’ 

T/ 

Wat^r .... 

1 

0 

l-8() 

1-80 

Benzeiio 

5 ■ .”) 

5- 1 2 

5*07 

Acetie aciil 

17 

3-90 

1 

3-82 

Phenol 

:i!» 

.>•30 

5-05 

Xa})htlialenu 

1 

81) 

()*90 

6-95 


The expression in the end column of this table was derived bv 
Vant Hoff by thermodynamical reasoning as the relation of the 
molecular depression of freezing-point with other physical pro- 
perties of the various solvents. In the ex|)ression T represents 
the ti'eeziiig-point on the absolute scale, while A represents tin* 
latent lieat of fusion. In the ca.se of water* the calculation is 
as follows — 


(►■902 . T'^ 

L ~ 


(^►02 X 275 X 275 

80 


I -St) 


this being a remarkably close agreement w ith the experimentallv 
determined figure. 

Electrolytes and Freezing-points. It is to the behaviour of elec- 
trolytes that we must give the greater attention. Again, they 
behave abnormally, giving excessive molecular depressions of 
freezing-points, and, moreover, from these excessive depressions 
it is jiossible to estimate w ith accuracy the degree to w Inch this 
dissociation has taken i)lace. 'Fhe depressioirof freezing-j>oint 
IS proiiortional to the number of molecules and ions present. 

In the case of a simple electrolyte like \a('l we have 

Xa(’l , Xa • ('I - 

S — ( I .173) 
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each dissociated molecule producing two ions. Let a be the 
fraction of the whole which is dissociated. 


NaCl ^ Na+ + Cl - 

1 — a oc a 

That undissociated is therefore 1 — a which, with 2a ions, 
give a total of 1 + a individual parts. If the molecular de- 
pression of the electrolyte is C. while that of a non- 
electrolyte is f C. then — 

V 

- 1 +a 


t 


from which 


a 


r — t 


The figures given (Table VII) will provide an illustrative case 
for sodium chloride — 


TABLE VII 

FREEZING-POINTS AND DISSOCIATION OF NaCl 


Normality of 
Solution 

Freezing-points 

Degi’ee of 
Dissociation 

Calc, for 
Non-electrolytes 

Obs. 

0-001 

0-00186 

0-0037 

' 0-989 

0-01 

0-0186 

0-0354 

0-903 

01 

0186 

0-342 

0-839 


Inasmuch as these freezing-point determinations are suscep- 
tible of great accuracy, the course of dissociation can be readily 
followed by this method. We shall have occasion to revert to 
this subject. It will be seen that in the case of electrolytes 
producing two ions these observed depressions lie between that 
for non-electrolytes and twice this value, while for electrolytes 
producing three ions the observed values lie between the 
theoretical (non-electrolytes) and three times this value. 

A method is therefore available for tracing with accuracy 
the progress of dissociation with dilution. There ought to be 
other methods giving completely confirmatory results. One of 
these will be forthcoming by a study of the conductance of 
these electrolvtes. 
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Boiling-point of Solutions. In ])assiiig. reference may also be 
made to the fact that solutions l)oil at temperatures in excess 
of those of their solvents. The ])henomena have been studied 
on the same lines as those of the depressed freezin^-|K)iiits with, 
it may be said, much the same results. Boiling-points are ele- 
vated pro])ortionally to the concentration of the solute, and 
are subject to much the same laws as regards molecular con- 
centrations, except that the values differ sometimes markedlv. 
For example, a gramme-molecule of a substance in 1 ()()() g!*n. 
of water gives an elevation of boiling-point of () r)2‘" (!. as 
against the depre.ssion of freezing-point of Further, 

electrolytes give similar abnormalities due to dissociation. The 
principle is not, however, amenable to tlie same degree of 
experimental accuracy, as the detei’inination of a boiling-point 
involves some loss of the solvent with a corresponding change 
of concentration. 

The elevation of boiling-point and also the (let)ression of 
freezing-point can be deduced from the redinxMl v^aj)our 
})ressure of the solvent in a.s.sociation with the solute, in view 
of the attractive forces of the solute molecules, thereby in- 
creasing the <lifficulty of separating the solvent molecules 
either by evaporation on boiling or crystallization on freezing. 
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ELECTROLYTIC CONDUCTANCE 

Introduction. A study of the conductance of electrolytes 
naturally constitutes an important step in the development of 
any concejition of the mechanism of the process of electrolysis, 
for this purjiose a clear statement and definition of a number 
of relevant terms is essential. 

* fY ^ resistance is generally understood the opposi- 

tion offered by all substances to a greater oi^ lesser extent to 
the passage of electricity. It is exjiressed in terms of ohms, 
the ohm being defined as the resistance of a column of mercury 
14*4ogm. in mass, of uniform cross-sectional area, and 106*3 
cm. in length at 0° C. In terms of Ohm's law it is expressed 
as E (volts) -f- / (amperes) or as volts per ampere. For the 
purposes of reasonable com])arison a dimensional value is 
taken when the resistance of a centimetre cube (a length of 
1 cm. with any uniform cross-section of 1 sq. cm.) is adopted, 
the resistance of this shaj^e of a substance being known as its 
specific resistance. An alternative term, not much used, is 
resistivity. For the metals the values are small and conveni- 
ently exjiressed in millionths of an ohm or microhms, the value 
for copper being 1*6 microhms. Those of solutions are suffici- 
ently large to justify the use of the ohm as the unit. 

As is well known, the resistance of a condu(*tor is jiroportional 
to its length and inversely proportional to its cross-sectional 
area. Hence— 

i. . , , , , Sp.R. (ohms) X / 

Resistance (ohms) -- — - 

a 

all dimensions being expressed on the centimetre scale, (’on- 
versely, the term conductance may be regarded as exjiressing 
the facility witli which electi’icity flows through a conductor. 

It will be the reciprocal of the resistance. Hence — 

K _ 1 I / 

(conductance) ~ 


R E - I 


E 
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Conductance i.s therefore expressed as the amperes per volt, 
this unit being more briefly referred to as the .Mho. All con- 
uctance figures will carry this conception of amperes developed 
per volt a))plied. For the sjiecific conductance, that is, the 
conductance per centimetre cube, there is the alternative term, 
and one which is most commonly used, of conductivity, this 
always and only referring to the conductance per cm.' dil)e. 
Conditions of length and sectional area are eml){)flied in the 
following expressions — 

/*■ _ K X I 

(conductivity) ~ ~a~ 

where K is the current developed per volt in a given volume 
of the substance. The sjiecific resistances and conductivities of 
a number of metals, and solutions of normal stremnh are Loven 

m Table Vlli. ^ 

TABLE \ III 

SUKCIKIC KKSISTANCKS AXI) C'OXDlHTn ITIKS OK .MKT VIS 

AND SOLl^'riOXS 


Sju'cific Hesistrtru-o Specific Ccituluctaiice 

(Ohms) Conductivity (Mhos) 


Silver 

Copj)er 

Aluminium 

Zinc . 

X . H._,SOj 
X . KOH 
X . KCl 
X . XaCl 


OOOIMlOKiB 

0(MIOOO()1 

0-05 
oOll 
10 IS 
1:K45 


002 000 
:i:i3 (too 

104 0(M» 

0I9K 

0184 

0-0982 

0-07435 


loin these hgiires tliere is no difficulty in differentiating 
etween the magnitudes of metallic and eleetrolytic conduction 
the data showing that the conductance of cojiper is 3 000 ooo 
tunes that of normal sulphuric acid 

Measurement of Conductance. It will he assumed that the 

student is familiar with the usual methods of ineasurimr 
lesistanee. for a coil of wire a simple and approximate method 

the to produce one ampere in 

>e eml. Obviously from Ohm’s law. any voltmeter and am- 
meter readings across the coil will yield the required result. 
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Mucli move accurate results are, however, to be obtained by 
the application of the principle of the Wheatstone bridge 
vhich, with its variants, provides the bases of most resistance 
measurements. In any case some care must be taken to main- 
tain constant temperature, and this involv^es thermostatic 
control of the matei'ial under test. The application of the 
I)rinciples to the determination of the resistance of electrolyteo 
needs some little explanation, especially as, in the case of these 

-j- substances, the passage of current, 

" with changes of composition or con- 
centration of the electrolvte, intro- 
duces difficulties not met in the case 
of conductors of the metallic class. 

Use of Direct Current. Imagine 

a cell fitted as shown in Fig. 17. 
It is of glass and contains copper 
sulj)hate solution, two parallel cop- 
j)er electrodes at opj)osite ends 
filling the section of the cell, and 
these electrodes are at an easily 
measurable distance from each other. An ammeter and volt- 
ineter give the required readings while the uniform sectional 
area of the solution may be more accurately measured by 
dividing the volume (c.c.) by the inter-electrode distance (/). 
The following are typical figures obtained witli a copj)ei' sulphate 
.solution of normal strength— 

IM). = 4*()5 volts 
/ - ()*Io amp, 

/ ^ 20 cm. 


I [ 

^ / 


^ L 

C 

1 


Fk;. 17 . (’ONl)UCTIVITV BY 
Dikkct Ci'RRKNT 


a 


sq, cm. 


from which the conductivitv is 


A’ = X - 

A a 


0*15 20 

.. X 




25 


0*025S mho. 


The method, however, is of very limited use. At least two 
adverse circumstances militate against its reliability. However 
small the current, there are changes in tlie concentrations of 
the solutions near the electrodes. That at the anode becomes 
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.stronger making it somewhat more difficult for <•(.,, per to pass 
into -so ution lhat at tlie cathode becomes weaker, inakin- it 
more difficult to deposit copjier. Tliis combined difficulty is 
something more than that of the ohmic resistance of 'the 
solution. It IS called “concentration polarization,” to which 
later reference must necessarily he made. 

Again the assumption is made that the reactions at, say 
the anode are exactly those anticipated, viz., that copiier ^is 
ilissolving according to Faraday’s law and therefore that no 
alternatiye chemical action is occurring. This is seldom 
leahzed. In all but a very few cases, other chemical actions 
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occur at the electrodes, introducing what is generally known as 
chemical polarization. ’ For the purpo.se of measuring resis- 
tance the.se ].o arizations should be entirely absent and no 

I esistance should be present .save that of the ohmic ivsi.stance 
or the electrolyse. 

Alternative Method. An alternative method with a view lo 

rcm.ov.ng or at lea.st considerably diminishing these defects is 
that of the u.se ol a long tube (Fig. 18 ) containing the electrolyte 

ablc Mth reference to inter-electrode distance. The diaiam 
also shows an adjustable resistance (R) with current indicator 
(/) and source of current (A). The average diameter of the tube 

ir irvi:'", “r 

rut into It. Ihe electrodes are placed at a convenient distance 
and current generated to give a reasonable reading on the 
I dicator. I he inter-electrode distance is nieasured^and the 
(lectiodes then moved further apart. 'Phis increases the 
rc.sistance and reduces the current shown on the infficatoi 
Hcsistanee is now taken out by the adjustable rheostat (R\ 
"lit il the cuiTent is restored to its former value when the tota 
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original value. The resistance taken out represents the added 
resistance l)y the further spacing of the electrodes. 

In both cases the current is the same and any deviations 
from Ohm s law by slight polarizations may be taken as the 
same in both cases. The added resistance of the solution is 


therefore a truer value of the resistance of the added length 
of solution from \s'hich the specific resistance can be calculated. 




T 

Fig. i\i. CoNDXTCTiviTV by .A.C. (Dtagbammatic) 


By this method it will be found that the addition of a further 
10 cm. of normal copper sulphate solution into the inter- 
electrode space in a tube of 1 square centimetre in section will 
necessitate the withdrawal of 388 ohms from tlie resistance 
box eiiuivalent to 38*8 ohms jier centimetre length and square 
centimetre in section. This, therefore, is the specific resistance 
of the solution. 

With this refinement, ho\^■ever, the ap])lications of direct 
current are still very limited, and recourse must therefore be 
made to the use of alternating current. 

The A.C. Method. This follows the lines of the Wheatstone 
bridge method, with the substitution of a suitable induction 
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coil in place of the battery cell and of the u.se of a telephone 
in place of the galvanometer or other current -detecting device. 

Alternative arrangeinent.s of the apparatus are diagrani- 
matically shown in Fig. J9, in which ah re|)rcsent.s the'^stan- 
dard uniform wire, R is the cell of which the resistance is re- 
quired, while It' is the induction coil replacing the batterv cell. 
/ the teleiihone and RR standard resistances. Resistances of elec- 
trolytic .solutions generally run into high figures, hence the usual 
replacement of the .slide wire bridge with some ty[)e of Po.st 
()ffice box. the details of which are available from other .sources. 

For electrolytic mea.surements the. induction coil should 

develop a high-jiitched audible note. W'itb low frequencies 

there would be the po.ssibility of slight eleetrolvtie action at 
one or l)oth of the electrodes. 

With such rapid rever.sals of the current chemical actions 
are reduced to negligible amounts, and the onlv resistance 
measured is therefore that of the electrolyte. 

It must not, however, be suppo.sed that the troubles attachimr 

to the accurate dctcrmmatiou of electrolytic conductance are 

solved by the u.se of any induction coil. 'I’lie.se not infrecnientl v 

give nnsymmetrical currents and thus introduce the iiossibilitV 

<d a limited degree of polarization. The telephone is a noisv 

m.strument to u.se and there is difficulty in determining when the 
noise is at a niiiiiiiium. 

The use of the induction coil for condnetivitv measurements 
s hns open to criticism in that ( I ) it is difficult to maintain 
constant freip.ency, and (2) it is not easv to produce an 
exactly symmetrical wave. Hence, more recentlv. it has been 

■ 111 ’ dm' P to give 

an almost puixdy sine wave cunent. ^ 

In the circumstances, therefore, it is not surjirisiiig that very 

'both' n 'lhe introduced in the method 

c le, w I "‘"“"V' I’'r ^‘Iternating 

icn vitl a suitable fre(|uency and in the detecting of the 
lieu lal point. 1 he.se are details, very e.s.sential in expeHinental 
voi k, M Inch need not be entered into in this more rapid survey 

iilavn ;ESo:""'' 

Conductivity Cells. A numlier of tynes of 
contaunng the solution under te.st are shown in Fig. 20. In every 
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case the electrodes are of j^latinized platinum, these minimizing 
l>v absorption the effect of any trace of gases which might be 
evolved. The electrodes are usually platinized by making them 
cathodes in a solution of platinum chloride containing lead 
acetate, subsequently thoroughly washing them. In cell (a) 
the electrodes are relatively large and close together, while in cell 


y 

{b) (f) {fl) 

Fk;. 20. (’ONDCCTIVITV (’ells 

(6) they are small and farther apart. By this method allow- 
ances are made for the widely diverse electrolytes which come 
U[) for consideration. Cell (r) shows a convenient type suitable 
for taking samples of liquids from manufacturing conditions 
and rapidly substituting them in the resistance measuring 
circuit. Cell (d) shows a tv])e for di])])ing into liquids of high 
resistance. In other cells the electrodes are adjustable with 
marks on the limbs of the tubes to admit of reproducibility. 
Connections with the electrodes are invariably made through 
mercury contacts contained in side limbs into which the 
platinum wire of the electi’ode is fused. A few drops of mercury 
provide the connection between the electrode and the external 
connecting wire. 

Conductance Cell Electrodes. For the electrode metal in these 
resistance measurements f)latinum is naturally selected. It 
has. however, a slight fault in that it does not entirely eliminate 
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polarization. Platinized platininn is a more effective electiode. 
These electrodes are prepared t)v the deposition of ])latiinun 
from a solution of ehloroplatinic acid containing a small pro- 
portion (from 0-02 to 0-03 per cent) of lead acetate. A finely 
divided form of j)iatinum is deposited on the electrodes without, 
however, the deposition of lead. The finely divided platinum 
presents a very large surface area in comjjarison w ith its weight, 
and this appears to act catalytically in ju-omoting the comhina- 
tio?i of hydrogen and oxygen which are formed with the rapid 
reversals of the current. This was the method adopted hy 
Kohlrausch. The electrodes, after |)latinizing. must he washed 
free from the solution, otliersvise chlorine ions would he intro 
duced into the electrolytic .solution under test. 

For conductivity measurements with weak electroivtes cells 
should at least be made of high-resistance glass, while for hand- 
ling alkalis and acids the fused silica cell is to be recommended. 
In any case, where conductivities are low allowance must be 

made for the conductance of the water which comprises th(‘ 
.solvent. 

Cell Constant. From the.se illustrations of the (rolls it will be 
seen that there can be no definite knowledge of the inter- 
electrode di.stance or length, or of the sectional area of the 
solution through which the curient pas.ses. In all cases current 
IS produced between all parts of one electrode and all parts of 
the other in much the same way as deposition occurrimf upon 
what may be called the back of a cathode. The.se imirvidual 
dimensions, the length and sectional area, are not .separatelv 
recjinred. I heir ratio, that is. / -f- «, is, however, all important. 
It IS called the - cell con.stant” and is obtained in the following 
manner. Suppose that any one .solution, for example a normal 
solution of potassium chloride, has its .specific resi.stance 
( etermmed vMth accuracy in a (•arefully dimensioned cell. 

J Ins might, for example, be done in a iierfectlv rectangular cell 
with electrodes completely occupying the opposite walls of the 
cell. .A ternatively, a wide tube could be used with circular 
e ectro, es occupying the area of the cell so that the inter- 
electroik, distance may be varied at aill. In either ca.se the 
current between the electrodes will be "rectangular,” that is 
at right angles to the electrodes, and not occujiying any stray 
path, a Inch is the case when such geometric proportions are 
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not observed. This involves careful work, but it has only to 

e done once and the value agreed upon. The determined 

specihc resistance of N . KCl at 18° C. is 10-18 ohms. Its recip- 

conductivity. This value for normal KCl at 18° C. 

IpO solution is then put into a conductivity 
cell and the resistance, and hence the conductance, determined 
rrom the equation — 

k = Kx- 

a 


it will be seen that — 


k 

K 


1 


a 


and thus the cell constant / ^ a is determined. This is an 
important value and needs to be accurately determined. It 
will vary with the different types of cell but will be very 
definite for each individual cell. Subsequently any solution 
under investigation is jiut into the cell and its ‘resistance, and 
hence conductance, determined, and from the equation the 
conductivity is readily calculated. For cells with variable 
e ectrodes this ratio needs to be determined for each inter- 
electrode distance at which the cell is subsequently to be used. 

As an example let R, say 5 ohms, be the resistance of the 
standard electrolyte in the conductance cell, the carefully pre- 
determined specific resistance of the solution (N KCD beine 
10-18 ohms. / 6 

Then— 

R = r X - 

a 


I 




1018 


= 0*491 


= cell constant 


By these methods wliich have been outlined, it becomes 
possible to determine with accuracy the conductivity of any 
solution, and we are now in a position to examine these con- 
ductivities with a view to the elucidation of any harmonies 

which may exist, and thus to formulate the laws of electrolytic 
conductance. 

Effect of Temperature. It is well known tliat an increase 
of temperature of an electrolj^te is accompanied by an increase 
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in eonductance. Tlie following table shows the results whic^h 
have been obtained with normal KC’l solutions — 

TAin.K IX 

TKMPKHATURE AND CONDUCTIVITY (N . KCl) 



Conduct ivitv 

« 

1 .*) 

1 

OU0252 

IS 

000822 

20 

0-10207 

2.") 

1 

O I IIS 


'n^e standard temperature adopted is ]H° V. Hence from 

1S°C. to -Ju® C. the percentage increase in conductance per 
degree ('entigrade is — 

0- 1 1 1 H — 0‘0<)822 

0-on822 X~ (25 “ is") ^ 

1 oi different solutions the figure varies between 1*5 and 2*5 
j)er cent. Advantage is taken of tins increase in conductaiu'e 
when many electrolytic solutions aie warmed. Resistance is 
reduced with a i)roportionate leduction in the IM). recpiired to 
overcome ohmic resistance, and. in large-scale operations, this 
may mean the saving of considerable elec- 
trical ])ower. 

EQuivalent Conductance. Kor general 

purposes the specific resistances of sub- 
stances are all that are recpiired. This, it 
will 1)0 ronienihored, is ii dinioiisional value 
relalinc; specifically to the centimetre cube. 

'liie elect ro-cliemi.st, however, needs to re- 
late coiichictance to chemical (plant ities 
"1 the various chemical suhstan(;es. For 
this purpose the choice of the gramme- 
ecpiivalenf is reasonable. All electrolytic 
leactions are concerned with ecpiiva'lent ,, 

It,e. ||.^.r».l„y■» 1 1..,,,, ,„„i 

arc, t ticrcfore concerncal with the amount ct.cni k 

o inductance obtainable from the gramme-ecpiivalent 

rake a simple c-ase. that of N . KVl A centimetre cube is 







7cm, 
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l)lace(l between electrodes 1 cm. apart (Fig. 21). The sectional 
area of this iinit volume of liquid is therefore 1 sq. cm. Across 
these electrodes a P.D. of 1 volt develops a current of 0-09822 
amp. With a normal solution 1 gni.-eq. is contained in 
1 000 c.c. of the solution. Between these electrodes and under 
these conditions the current will be increased one thousand- 
fold and 0-09822 x 1 000 = 98-22 amps, will result. This 
quantity is called the equivalent conductance, meaning the 
amperes f)er volt obtainable from 1 gm.-eq. placed between 
these electrodes 1 cm. apart. Thus — 

Equivalent conductance = X c.c. |)er gm.-eq. 

It is obviously an important electro-chemical value. Such 
values are shown for a number of electrolytes in the following 
table. A number ot these figures should be checked in order 
to familiarize tlie student with the principles involved. 

TABLE X 


CONDUCTIVITY AND EQUIVALENT CONDUCTANCE 


Electrolyte 

1 

1 Uin. per 
' Litre 

t 

I Sp. H. 

(Ohms) 

( 

f 

Conductivity 
j (Mho) 


HaSOj 

! 49 

1 

' r)*or) 

! 0-198 

4 

1 198 

HCI 


3-32 

* 

! 0-301 

, 301 

HNOa 

i a.i 

3-220 

0-310 

310 

H.C.ICO,, 

t so 

7r)7 

0-00132 

1-32 

KOH ‘ ■ 

06 

0-43 

1 0-184 

184 

NaOH 

1 40 

0-37 ; 

; 0-157 ; 

157 

N H 3 (Solii.) 

1 17 

1121 

0-00089 

0-89 

K 2 CO 3 , . , 

, ()9 ' 

14-14 

0-0707 

70-7 

NagCO^ 

! 03 1 

1 « 

21-98 1 

0-0455 

45-5 

KCl . ‘ . . i 

i 740 

10-18 

(#0982 

98-2 

NaCl 

58-5 ; 

13-45 1 

0-07435 i 

74-35 

NH,CI 

53-5 ‘ 

10-31 ! 

k 

0-097 

97 

CUSO 4 . 5 H,0 . ' 

124-8 ! 

38-7 

0-0258 

25-8 

AgN03 . . , 

1 70 1 

14-79 1 

1 

0-0070 ; 

i 

07-6 


All the values given are for normal solutions. They are 
generally Avell recognized and accepted. From various sources 
slight deviations may be detected, but it must be remembered 
that they are all experimental values and therefore subject to 
slight ex])erimental error. Though the actual quantities of 
sulphuric and hydrochloric acids markedly differ, yet they 
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agree in each containing 1 gin. of re])laceable liydrogen, and 
this is the basis of their equivalency. 

Table XI gives similar values for a number of electrolytes 
in common use in electrode})osition. 


T.ABLE XI 

EQUIVALENT CONDUCTANCES OF COMMON COMPOUNDS 


Klectrol) to 

X 

1 

1 

1 

i 

o r> X 

1 

1 

01 X 

HF 

• . • . j 

1 

1 

24-7 

35-7 

KCN 

^ t » » 

I2I-8 

I3U-(> 

142-8 

HaBO, 

(Mol.) . 

, 00148 

00 ! 03 


NaF 

1 

1 

• « • « 1 

! r)4 

68 

82-6 

ZnSO* 

1 

. . . . ' 

1 311 

37-6 

52 4 

CMSO, 

1 

! 2()-3 

32-2 

47-6 

FeSO^ 


:n<) 

37-6 

55 

NiSO^ 

* ^ * 

21)- 1 

37-6 

5 1 • 3 

XiSO^ 



102-6 

1 55 

AgCX 

. KCX . 

1 

1 25 



Conductance of Electrodepositing Solutions. The solutions 

used in electrodeposition differ in conqiosition from those 
mentioned in Tables X and XI and therefore in conductance, 
but the values given in the tables may he of .some value as 
indicative of the magnitude of the.se conductances. Usually 
the metallic compounds reiiuired to supply the ions for de- 
position are relatively ])oor coiuluctors. Conducting agents are 
theiefoie tre(|uently added. To the usual co])])er suljihate 
there is a notable addition of sulphuric acid, sufficient to make 
the conductance more nearly that of the acid than that of the 
coiiper salt. This is shown quantitatively in a later .section 
(])agT> 8.3). As will be seen, such additions may .serve other 
u.seful |)uri)ose.s, generally in the maintenance of ‘the anodes in 
a clean condition, in the improvement of the physical properties 

of the deposit, and also in the improvement of the throwing 
jiower of the .solution. ^ 

Again, many deposition proce.sses involve relatively small 
consumiitions of electrical energy in comparison with the total 
cost of the proce.s.s. Nevertheless, it is common practice to take 
advantage of the deerea.sed resistance of the solution when 
warmed. In more imlustrial jirocesses, such, for example as 
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copi)er refining, the cost of electrical energy is a notable pro- 
portion of the overall cost, and definite steps are therefore 

running the electrolyte at an elevated 
temperature and by the closest practicable disi)osition of the 
electrodes. There, with exactly parallel electrodes, the con- 
ditions are more nearly those of the accumulator. In the usual 
electro-plating tanks, however, very irregularly sized work is 
being handled, not allowing of any very exact disposition of 
the anodes to secure the minimum resistance. Generally anodes 
of large dimensions minimize resistance. Under ideal con- 
ditions similar increases in anode and cathode areas should 
proportionally loduce the resistance of the bath. Under more 
practical conditions this does not hold as the path of the 
current is not ‘‘rectangular,’^ but follows a somewhat devious 
course owing to the large sectional area of the solution in com- 
parison with that of the work being plated. It will thus be 
appreciated that where baths are being worked with the volt- 
metei* alone, large increases in cathode areas will necessitate 
small increases in the bath voltage in order to maintain con- 
stant current densities. Poor contacts between the rods and 
suspended anodes and work are often responsible for appreciable 
resistances with consequent loss of power. 


EXAMPLES 

I. The ecjuivalent conductance of N. AgNOg is G7*(> 
dilate the resistance of I dm.^ of the solution. 


(’al- 


( ’onductivitv = 


Eq. K 


c.(‘. per gm.-eq. 


()7*f> 

I 0()0 


()‘()()7f) mho 


S|). H. 


1 


0*()67() 


-- 14-8 ohms 


R. of 1 dm.^ 


14-8 X 10 

Too 


I *48 ohms. 


*2. Normal copper sulphate has an equivalent conductance of 
25*8 mhos. Calculate the resistance of the .solution in a (*on- 
ductivity cell with a ceil constant (/ (t) of 0*5. 


25-8 
1 000 


- 0-02")8 mho 


Conductivitx 
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^ -^s-Soluns 


()-(i2r)S 


Resistance in cell -r. ;i8-8 x 0-5 = l!»-4 ohms. 


•i. A decimetre cube of . IN. co|)])ei' sulphate cariies a 
current of 0*2 ampere with a IM). of 4-4 volts with cop[)er 
electrodes. Assuming no polarization, calculate the ecpiivalent 
conductance of the solution. 

Resistance of 1 dm.^ = /i' ^ 4-4 ; 0-2 22 ohms 



( ’onducti vitN’ 


22 X area 22 x loo 
length 


220 ohms 


220 


-- 0-0045 mho. 


E(j. K - conductivity x c.c pergtn.-ecp 

0-0045 X 1 0 000 (for an N/ 1 0 solution) 

45 mhos. 


4. Calculate the electrolyti(r resistance of the .solution in a 
cell fitted witli lead electrodes comprising 12 anodes and II 
cathodes equally spaced 1 cm. apart and having an area of 
1 sq. ft. The solution is N . H.^SO^ with an E(j. K of 198. 

Conductivity of solution - 198 ; 1 ooo i.::. o-l!)8 mho. 


Sp. R. 


I 

0-198 


5-05 ohms. 


Sectional area of solu- 
tion (e(|ual to the 

wliole area of the " ' ^ ^ ^ «'4.5 sq.cm, 

cathodes) 

^'liile the length of the solution is I cm. 

rp . t - •!*()•) X 1 

1 otal resistance 

22 X 12 X 12 X 9*45 

I 

4 Ooo 




CHAPTER VII 

ELECTROLYTIC CONDUCTANCE (COntd.) 

Equivalent Conductance and Dilution. A question which natur- 
ally arises is whether these values of equivalent conductance are 
constant for other degrees of dilution. As an example, the 
specific resistance of OT N . KCl has been carefully determined 
to be 89*28 ohms. Its conductivity is therefore 

1 89*28 = 0*0112 mho. 

The gramme-equivalent is contained in 10 000 c.c. and the 
equivalent conductance thus becomes 

0*0112 X 10 000 = 112 mhos. 

Compared with the figure of 98*2 for the normal solution of KCl 
there is an obvious increase in equivalent conductance. Tliis 
increase is continued with further dilution and the phenomenon 
is common to all electrolytes. 

This can readily be explained by the fact that electrolytic 
dissociation progresses with dilution. 

KCl ^ K. + Cl- 

Dissociation is a reversible process, increasing with dilution 
with the formation of more conducting ions which again 
recombine to form non-conducting molecules with increasing 
concentration. 

It will thus be seen that whereas conductivity decreases 
with dilution, equivalent conductance increases with dilution. 
This increase is shown for a number of electrolytes in Table XII- 
Maximum Equivalent Conductance. A survey of the figures 
in Table XII at once shows the general increase of equivalent 
conductance with dilution. It will further show that the incre- 
ments rapidly decrease, indicating that, sooner or later, a 
maximum value will be attained. These figures are plotted in 
the curves shown in Fig. 22. In this diagram it has been con- 
venient to plot the equivalent conductances against the 
logarithm of the number of litres of solution containing 1 gm.-eq. 
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TABI.K Xll 


EQUIVALENT CONDUCTANCE 
X’ariation with Dilution 


1 

1 

Cone. 

i 

i 

1 

1 

Litres 

per 

1 ( ; in . - 

eq. , 

1 

! 

1 

1 

I 

* 

% 

E(ph valent Conductance 


1 

H.,SO^ 1 MCI 

1 

1 

; i 

KV\ , 

! 1 

KOK 

1 

CnSO^ 

U . ('..HaO,. 

1 

N 

i 1 

» 

1 1 

los 1 ;{()! 

1 

OS-2 

LS4 

1 

25-8 

\:r2 

0-1 N 

1 10 , 

, >2r) rj.-)! 

112 

2 1 :i 

4.7 

4-fi 

<» 0I N 

100 

:ii>s ;t7o 

1221 ' 

22S 

72-2 

1 13 

o-ool N 

1 1 000 

:iiu ' :i77 

i27;i 

2;d 

lOlt) 

41 

0 0001 N 

t 10 000 


121)1 

1 

1 i:c:i 


Infinite < 

(lilut ion 

9 

:1s :i ;{so i 

LSOl 

2:i.s-7 

114 

;i.7o 



Ihus normal, (lecmormal, and centinormal solutions are ret)re- 

sented by tl.e.hstanees 0. 1 . and 2 respeetivelv. There is a genera I 

flattening of the curve with increased dilution showing that we 
are nearing the point of maxiinum e(|uivalent eonduetance. 

Jt IS impossible to olitain these maximum values directlv bv 
exiieriment, as the extremely weak solutions show sueh large 
speiahc resistaiH-es as to make their determination altogether 
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unreliable. There are, however, alternative indirect methods 
by which we are able to compute this maximum value. One 
of them involves a closer study of the freezing-points of these 
conducting solutions. These determinations can be made with 
great accuracy and they, too, show that, with increasing 
dilution, there is an increase in dissociation. The relation 
between the depression of freezing-jioint and the equivalent 
conductance jirovides one method for the computation of the 
maximum values. 

For example, a decinormal solution of potassium chloride 
gives a molecular depression of freezing-j)oint of 3*46° C. That 
of non-dissociated substances is 1*86*^ C. (see page 58). The 
degree of dissociation of decinormal KCl is therefore — 


3*46— 1-86 

Tse 


1-6 

i:86 = 


At this state of dissociation the molecular conductance is 112 
(see Table XII), this being the conductance when only 0*86 of 
the substance is dissociated. Complete dissociation should 
therefore give a correspondingly higher conductance of the 
order of — 


112 

0 - 8 () 



and the figure of 130*1 is accepted as the maximum equivalent 
conductance of potassium chloride, as the average arrived 
at by using the data from KCl solutions of different concentra- 
tions. While this method suffices for a large number of sub- 
stances it is not applicable to others like acetic acid which, 
at moderate dilutions, are only slightly dissociated. Another 
method, viz., that of extrapolation (that is, computing beyond 
the range of experience as shown in the experimental part of 
the curve, in much the same way as absolute zero of tempera- 
ture is obtained by continuing the curve relating the volume 
of a gas with its temperature), is, however, jiossible. In general, 
it may be said that any uniform curve may be represented by 
some mathematical expression with which, outside the ex- 
perimental range of the curve, it is possible to compute with a 
fair degree of accuracy one dimension from the other. It is by 
this method that some of these maximum values of equivalent 
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conductance liave been obtained and generally agreed upon. 

This scheme, however, is only possible in the ‘cases in which 

dissociation has progressed to a considerable degree a ithin the 
range of experiment. 

Ihus it is found that by plotting the eipiivalent conductance 

against the square root of the concentration a straight line 

results with strong electrolytes in dilute solution. Such a 

straight line can then be continued until it cuts the eon- 

ductance scale at the point of infinite dilution. All that is 

necessary is that the values for these dilute solutions shall be 

obtained with some accuracy, as extrapolation from inaccurate 

data cannot be exjiected to lead to an accurate value for 

maximum conductance at infinite dilution. The following 

figures refer to the ca.se of potassium hvdroxide. 

« 

T.AULE Xlll 

KQIIV.M.K.VT CONDLXT.t.Vt'K OK P<)T.tS.SIi:.M H VDHOX I OK 



1 K 

1 


u\) ; 

1 

\ C'oiif. 

0 001 

1 

oo:iJ6 

o-oo.') 

2;io 

0(»7I 

0-02 

22:> 

0-14 


'i'he relevant graiih is show n in Fig. 23, from which it will be 
seen that the maximum value thus deduced is in good relation 
nith that obtained by more accurate means. 

Ihis, as will be .seen, is not the case with acetic acid and 
similar weak electrolytes. The com|uitation of the end of a 
ong curve from only a relatively small portion of it at the 
legmnirig IS fraught with too much inaccuracy to be of any 
service. J he maximum value for acetic acid therefore depends 
uiion another hue of exploration, and this can be more con- 
veniently dealt with later (Chapter IX). For the present it 
nmy be conceded that the tigures assigned to the conductance 
of a number of electrolytes at iiiHi.ite dilution are reasonably 
<mcurate, amf cither deductions based upon them can only be 

legarde^ as reliable in so for as tlie.se maximum equivalent 
( oiiductance values are correct. 

.Some of these maximum values are indicated in Table Xll 
It will be .seen that they are not far in excess of tho.se already 
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shown as within the range of measurement. These are values 
commonly accepted. They represent the conductance of the 
completely dissociated gramme-equivalent. This is a condition 
which is theoretically never attainable, as the presence of 
ions carries some tendency to recombination resulting in the 
smallest amount of molecular substance in even the most 



Ficj. 23. Equivalent Conductance and -v/Concenthation 

dilute solutions. There is, however, a practical maximum 
attainable only with such extreme dilution. Such solutions are 
said to be infinitely dilute and the maximum equivalent 
conductance is therefore that at infinite dilution. 

These values are of interest. In stronger solutions the lower 
values may in part be due to partial dissociation and also to 
the conductance values due to the individual ions. The maxi- 
mum values, however, at once give some idea of the conductance 
which the ions contribute. All the acids have high values due 
to the hydrogen component. Potassium and sodium hydroxides 
show good values due to the OH ion. Neutral salts have 
relatively low values. The individual contributions of the ions, 
however, are not clearly perceptible from these maximum 
values which will require some analysis to reveal their origin. 
This matter will be proceeded with shortly, when we shall 
have some analysis of the conducting power of an electrolyte 
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in the transj)ort numbers of its ions. A comparison of these 

values with tlie inaximuin equivalent conductanees should 
throw some light ou the problem. 

Degree of DissociEtion. A study of these ecpiivnilent c'ondue- 

tances reveals the fact that dissociation progresses with dilution. 

Moreover, the conductance at any dilution is, |)ossil)ly, a 

measure of the proportion of ions developed to the t(ital 

possible by complete dissociation. In otlier words, we should 

have some good idea of the e.xtent or degree of dis.sociation 
irom the following expression — 

Kq uiv alent conductance at given dilution 
Maximum equivalent conductance 
These values can be calculated frorn the data set out in Table XI f. 
Thus normal potassium chloride has an ecpiivalent conductance 
of 98*2 while that for complete dissociation is 130*1. Normal 
K(^l apjjears, therefore, to be dissociated to the extent of 

98*2 

= 0*7r)4 


130*1 


while normal sulphuric acid has a similar value of = o* )! 7 

383 i i . 

1 hese fractions are commonly referred to as the deo-ree of dis- 
sociation and represented as a. This deduction atlirst seems 
reasonable. It may, however, later be criticized and for the 
present, therefore, a better term is that of conductance ratio, 
tins term jireferably expresses a fact without attaching to it 

any interpretation. A number of tlie.se values is given in 
I able XI\ . ® 

TAHLE XIV 
CONDUCTANCE RATIO 


KIoO ml vt(t 


C’oiHfcntmtioM 


N 


0 1 N 


(»-01 N 


0-00 J N 0 0001 N 


J1.,.S(), 

o-r.i7 

0-588 : 

11(1 

- - * 1 

0 792 

0-924 ' 

KCl 

0-754 

0-801 1 

IvOH 

0-771 

' 0-892 

Cuso, ! 

0-225 

0-;J95 

HC'pr/j, . 

O-OO.SS ; 

0-0 i;i 


U-804 

0-974 

0-941 

0-9.");) 

0-041 


0-942 

0-992 

0-978 

0-980 

0-891 

0117 


0-992 


0-984 
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These so-called degrees of dissociation may at first seem to 
be of more academic interest without any very practical appli- 
cation to the processes of electrodeposition. It will be realized, 
however, that the production of an electrodeposit finds its 
origin in the discharge of these metallic ions, and their con- 
centration at the cathode may have some important bearing 
upon the nature of the deposit. Some generally recognized 

facts must here be taken into consideration. Silver and 

thallium, for example, are the only two univalent ions deposited 
from aqueous solution, and the deposits thus obtained are 
coarsely crystalline. Generally, too, deposits from the mineral 
salts are of much larger crystals than those of the complex 
salts such as the double cyanides. Lead deposited from the 
nitrate or acetate solution is very coarsely crystalline and no 
satisfactory deposit can be produced from these solutions 
without the use of an addition agent. Again the double 

cyanides give smoother deposits than mineral salts. This 

would appear to be due to the scarcity of metal ions. Hence 
it is that high metal ion concentration seems to favour the 
growth of existing crystals, while low metal ion concentration 
gives rise to nucleus formation with more numerous and smaller 
crystals and hence a smoother deposit. 

Again there is a definite difference between crystal size in the 
case of nickel deposited from the single and double sulphate solu- 
tions, the latter, with complex ions, forming smoother deposits. 

Effect of Temperature on Conductance Ratio. From the 

data given in Table XV we have a further expression of the 
effect of temperature on conductance, and in this case on the 
equivalent conductances witli their maximum values and 
therefore on the degree of dissociation (if such the ratio can 
be called) as calculated from the equivalent conductances. The 
marked increase in conductance with temperature is again 
noticed with that also of the maximum equivalent conductance. 
It will, however, be observed that there is no increase in the 
degree of dissociation with rise in temperature — rather the 
reverse. Increase in conductance with increased temperature is 
thei’efore due to increase in the speed of the individual ions and 
not due to any increase in their number. This increase in con- 
ductance emphasizes the need for temperature control in the 
determination of electrolvtic resistance. 
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TABLK XV 


EFFECT OF TEMFEKATURE ON EQUIVALENT CONDUCTANCE 


PuTASSIirM ChLOKIDK 




18^ 


, 100 

°C. 

(JofU*. 1 




! 


( N ) 

1 

i 

Etj. K 



1 

X 

E(^ /v 

; a 

1 

1 

uu 

130-1 

1 

1 -0 

414 

1-0 

0005 

J2HI 


0-08 



0002 

12(>-3 


0-97 

393 

0-95 

0-01 

122 4 

( 

0!t4 

377 1 

1 0'9i 

005 

II 3-5 


1 0-87 

34 1 

0-83 

01 

112 


0-80 

330 

0-81 


Sodium Acetatk 


1 

('imc, 

(N) 1 

18 

C. 

' loo ( 

1 

• 

K(,. K 

1 

X 

Imi. l\ 

t 

1 

X 

0-0 1 

1 

78- 1 

1 1 

I -0 

1 

285 1 

1 -0 

0-0005 

700 

0-97 

275 

0-90 

0-002 

74-0 

0-95 i 

208 

0-‘»4 

O-OI 

71-2 

0-91 

253 

0-89 

0-08 

03-4 

0-81 : 

221 

0-78 


Conductance of Mixed Electrolytes. So fai-. mc have been 

particularly concerned with single electrolytes. Tliis is ob- 
viously the easier plan. Coininercial electro-cheinistrv, how- 
ever, fre(|uently has occasion to resort to the use of solutions 
involving more than one electrolyte. In fact, few electro- 
depositing solutions are of a very simple type. In copper 
refining, sulphuric acid is added to copper sid])hate to increase 
the (ionducting power of the solution, and this will provide an 

interesting case with whicli to explain the new principle 
involved. 

Normal sulphuric acid has a s])ecific resistance of TrOo ohms 
with an equivalent conductance of 198. Similarly normal 
coj)per sulpliate has a specilic resistance of 38*8 ohms with an 
equivalent conductance of 25*8. Mixing these two electrolytes 
would appear to be similar to putting them in parallel or adding 
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their conductances. This is a matter which is subject to cal- 
culation, the results then being compared with those obtained 
by experiment. 

Table XVI shows the relevant figures for a number of 
mixtures of the two compounds. 

TABLE XVI 

CONDUCTANCE OF MIXED ELECTROLYTES 


Gm. 

CuSO^ 

, 5H,0 
per 
Litre 

1 

Sp. R. 

r 

1 

tc \ 

H 2 SO 4 

50 gm, per Litre 

k ^ 

Sp. R. of 
Mixture 

1 

1 

1 

ky 

Calc. 

Found 

0 


1 

1 

4-8 

0-208 

0-208 

4-8 

4-8 

50 

65 

0-0154 

4-8 

0-208 

0-2234 

4-47 

4-9 

100 

45 

0-0222 

4-8 ; 

0-208 

0-2302 

4-34 

6-1 

150 

29 

0-0344 

4-8 

0-208 

0-2424 

4-07 

5-3 

200 

24 

0-0417 

4-8 

0-208 

0-2497 

4-00 

5-5 

1 


Follow out the method for a solution containing 50 gm. each 
of the two substances per litre. Add the reciprocals of their 
specific resistances thus — 


1 



1 4*8 + 65 69*8 

^8 ^ 4*8 X ^ ^ 3 T 2 


Inverting the value of the combined conductances we get — 

312 

69:8 = 

as the calculated specific resistance of the mixture. According to 
the table, however, the value found by experiment is 4*9 ohms, 
and this apparent discrepancy persists throughout the table. 
Some simple explanation should be forthcoming. Consider 

the two equations — 

CUSO 4 ^ Cu.. + SO 4 — 

H 2 SO 4 ^ 2H. + SO 4 -- 

In the case of CUSO 4 the tendency of the ions to recombination 
is determined by the concentration of only the ions produced 
from CUSO 4 . The addition of the acid, which is also dissociated, 
increases the concentration of the SO 4 ions, and therefore also 
the tendency of Cu.. and SO 4 — to recombination with the 
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formation of a larger projjortioii of molecular co|)]jer sulphate. 
The same argument applies in the ease of the dissociation of 
the acid and the subsequent addition of copper sulphate. Each 
substance thus .suppresses the dissociation of the other, and a 
close survey of the data shows that the conductance of the 
acid is actually de|)reciated by the addition of conducting co|)|)er 
sul})hate. This is detinitely shown in the table, in which it will 
be seen that the sjiecitic resistance of a oO gm. i)er litre of 
sulphuric acid is successively increased, by repeated additions 
of 50 gm. per litre of conducting cop[)er sulphate, to the figures 
shown in the last column. In other words, tlierc is a greater loss 
of conductance by the suppression of the dissociation of the 
acid and the disa|)[)carance of hydrogen ions than gain of con- 
ductance b}’ the introduct ion of the conducting copper sulj)hate. 
Another striking case of mixed electrolytes is that of sodium 
acetate and acetic acid. Decinormal solutions are mixed, the 
acetic acid being oidy slightly ionized and the sodium acetate 
a|)preciably ionized, producing a good concentration of acetate 
ions. 'Phis incrcaised concentration of acc'tate ions alfects the 
recombination of the acetic acid ions to such an extent that 
in the mixture only about one-hundiedt h part of the previouslv 
ionized acid now remains in the ionized form. 'Phis is a general 
experience in the c-ase of mixtures of electiolytes 7iaving 
a common ion. Kuither reference will be made to this in 
('hai)ter A dealing more si)ecitically with chemical reactions. 

.\uothei example of the addition of two eiectrol\'tes with a 
common ion is that of the nickel plating solution tor the treat- 
meid of zinc-ba.se die castings. 'J'he nickel compound used is 
nickel sulphate to which a})i)reciable (luantities of other sul- 
phates. foi- example, those of .sodium or magnesium, are added, 
'Phese have the effect of reducing the dissociation of the nickel 
sulphate, thus dimini.shing the concentration of the nickel ions 
and therefore inhibiting the -chemical” precipitation of nickel 
upon the more active zinc alloys, without reducing the total 
cmitent of the ni. kel comiiound. With higher concentrations 
of nickel ions there is the marked tendency to the preciiiitation 
of nickel upon the metal to be iilated with a corresponding 
solution ol the zmt-base metal. With the application of the 
(airrent the deposit of nickel would, under these latter con- 
ditions, be made on a di.ssolving and therefore loo.se surface 
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conditions which are far from ideal for the production of 
adhesive deposits. 

Water Makes Sulphuric Acid Conductive. In this connection 

another question may be asked. It is usually stated that the 
addition of acid imparts conductance to water. Is this a correct 
view of the matter ? Water is a substance which is only very 
slightly dissociated. The extent of this dissociation will be 
dealt with later. Pure sulphuric acid is another insulator. The 
mixture of the two substances induces a large degree of dis- 
sociation of the acid with the ])roduction of a high concentra- 
tion of hydrogen ions. This in turn will reduce the already 
small dissociation of the water, thereby reducing the already 
very slight conductance of the water, but at the same time 
imparting a considerable degree of conductance through the 
dissociation of the acid. It is merely a matter of recognizing 
the real principle involved when the usual form of statement is 
made. The fact is that the mixture of the two substances 
promotes the dissociation of the acid and therefore imjiarts 
conductance to it. 

Conductance of Pure Water. So far we have disregarded any 

conductance which may be due to the water in which electro- 
lytes have been dissolved. Where the conductance of the 
electrolyte is good, that of water is of little account ; but where 
dealing with the low conductances involved with tenth- 
millinormal solutions, the conductance of water comes into 
greater jn-ominence. By pure water, something better than 
ordinary distilled water is meant. Distilled water may be free 
from solids, but it will contain gases in solution some of which, 
like CO.^, form conducting compounds thus — 

CO 2 + H^O ^ H 2 CO 3 ^ 2H. + CO 3 — 

The elimination of these gases involves distillation under 
reduced pressures. Subsequently the distillate must not be 
allowed to come into contact with any ordinary type of glass 
owing to the solubility of some of the silicates which are present. 
The condenser of the still is therefore usually of block tin, the 
conductivity water then being preserved in high chemical 
resistance glass vessels away from exposure to the air. 

The classic example of conductivity water was that pre- 
pared by Kohlrausch in 1894 by a succession of forty -two 
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distillatious under reduced pressures witli all possible pre- 
cautions against subsequent contaminations. This highly 
purified water was found to have a conductivity of 0-884 x 1 0 
mhos. At present we are not in a po.sition to interpret what 
apparent degree of dissociation this conductivity indicates, but 
the matter will be referred to later. 

For general laboratory ))urpose,s rea.sonably pure water is 
obtained in several distillations in highly re.sistant vessels of 
Jena gla.ss. During subsecpient .storage all corks should be 
covered with tin-foil. 

For many years the di.ssociation of water uas assumed to 
follow the simple course indicated in the following expression — 

H./) H + Dll 

More recently, however, there is the growing conviction that 
the hydi'ogen ion is further combined w ith a molecule of water 
so that the e(|uation should then be wiitten — 

•2H.^() . - 4 - OH 

To this OHg ion the name hvflro.xonium has been given, but, 
while this possible hydration is not overlooked, the hydrogen 
ion is u.sually written in its more simi)le form. 

Non-aqueous Solutions. While most of the work which has 
so far been treated has refeience to acjuec^us solutions, it must 
be stated that these are not nece.ssarily the most .simj)lc tvpes. 

J hey aie, however, in (-ommon use, hence their importance, 

I hej have the disadvantage of introducing some complexity 
in the formation of ion hydrates by tbe .solvation of the ions. 
This increases the difficulty of the elucidation of the problems 
and gives rise to somewhat discordant results. Theie are, how- 
ever. many examples of electrolytes in non-aqueous solvents in 
which ionization .still occurs but is not complicated by the 
formation of ion hydrates. 

A study of these solutions has led to the enunciation of a 

number of laws which could hardly have been anticipated from 

a .study of acpieous .solutions. The.se laws, however have little 

relevancy to the study of the subject from tbe point of view 

ot electrodeposition and hence only a brief .statement of them 
Will he made. 

I hus by a study of a large number of .solutions in organic 
solvents m which the solute was tetra ethyl -ammonium iodide. 
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Walden found that “the maximum equivalent conductance of 
a salt is inversely proportional to the product of the square 
root of the molecular weight and the viscosity of the solvent” 
or 


M.E.K. 


const. 

VM X V 


The examination of a large number of solutions served to give 
the value of the constant, which was of the order of 11*2, and 
these solutions included a few aqueous solutions in which, with 
the solute, there was little chance of hydration as, for example, 
in the rubidium salts. 

Again, it was found that the degree of dissociation of a dis- 
solved salt is practically constant for saturated solutions in any 
anhydrous solvent. This result was obtained by a study of the 
behaviour of tetra-ethyl-ammonium iodide in solvents such as 
methyl alcohol, glycol, acetone, ethyl alcohol, acetonitrile, etc. 

These and other laws sum up the behaviour of non-aqueous 
solutions but the matter is one which need not be pursued, 
yet serves as a reminder that while electrolysis in industry is 
mainly concerned with aqueous mixtures, it is not impossible 
that important applications may accrue to non-aqueous solu- 
tions, in which case these investigations will merit greater 
attention. It may, in passing, be noted that already attention 
is being paid to the possibility of the electrodeposition of 
aluminium from solutions in organic liquids. 

As an example, the work of Blue and Mathers* on the de- 
position of aluminium may be noted. The production of 
deposits of this metal from aqueous solutions is not to be 
expected unless some very unusual new properties, inhibiting 
the dei)Osition of hydrogen, come into play. These at present 
are not known, and attention therefore must be given to the 
possibility of de]H)siting this metal from organic solvents. 
These workers found that from a solution of the metal in a 
solvent comprising bromine, ethyl bromide and benzene, the 
metal appeared at the cathode at a current density of 8 amps, 
per sq. ft. with an efficiency of 00 to 70 per cent. 

As a variation on this method Keyes and Swannf were able 


♦ 
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(1931)) Vol. 


LXIX, p. 519. . 

t Bulletin 206, Engineering Experimental Station, University of Illinois. 
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to obtain deposits of aluniiniuni from a mixture of aluminium 
bromide and tetra-ethyl-ammonium bromide at 100° C. With 
a current density of 40 amps. y)er sq. ft. and M*ith an aluminium 
anode they obtained an anode efficiency of practically 100 j)ei' 
cent, and found grey crystals of metal which ])r()ved to be 
aluminium at the cathode. 

The method, however, did not prove very successful in the 
case of other metals, but the matter is one which justifies 
further investigation. 



CHAPTER VIII 

PROGRESS OF DISSOCIATION WITH DILUTION 

Equilibrium in Chemical Changes. In the case of any reversible 
chemical change, the direction of the reaction and the extent 
to which it occurs are largely determined by the masses or con- ’ 
centrations of the original and resulting products. The 
rolysis of bismuth chloride as a familiar reaction in 
tive analysis may be taken. 

BiClg + H 2 O ^ BiOCl + 2HC1 

The reaction proceeds from left to right with the addition of 
water while the addition of acid reverses the reaction. 

In order to allow any such reaction to ])roceed to completion 
it becomes necessary to remove one of the products. Obviously 
the addition of more water or bismuth chloride will lead to the 
formation of more bismuth oxychloride, while in the reverse 
direction the addition of more acid or oxychloride will result 
in the formation of more bismuth chloride. 

This is an example of the well-known phenomenon of mass- 
action, and is quoted in this connection only as a reminder that 
the course of chemical reactions is dependent to some extent upon 
the quantities or concentrations of the reacting materials. 

Progress of Dissociation with Dilution. It has now been seen 
that dissociation proceeds with dilution, and a general survey 
of the tables showing the degrees of dissociation at various 
dilutions seems to indicate that this progress is orderly in each 
case. There are no obvious fluctuations in the increases of dis- 
sociation. The ])rogress seems steady in any one electrolyte 
though varying from that of the others. A question which arises 
is whether it is ]K)ssible that this progress shows any uniformity 
in all cases. Is it possible to deduce a simple formula expressive 
of the progress of dissociation which will cover many or even 
all electrolytes ? In other words, is there a law of dilution ( 

In the following expression — 

NaCl ^ Na. + CH 

9U 
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is recorded the reversibility of tlie process of dissociation with 
change of concentration. The matter can, liowever. be dealt 
with more quantitatively. The simple equation reiire.sents a 
condition of equilibrium between these ojiposing tendencies, 
dissociation of the molecules on the one liand and the re- 
combination of the ions on the other. The.se tendencies will 
depend to .some extent upon the concentrations of the com- 
[lonents of the mixture. If more salt is added, more ions will 
be formed. The tendency to dissociation will be ])rop()rtional 
to the concentration of the molecular material. 

On the other hand, where two ions are concerned their 
tendency to recombination will be proportional to the product 
of their concentrations. Then 

Let a represent the “degree’' of di.s.sociation .so that 1 — a 
reprevsents the undi.ssociated salt. Tlie.se relative (|uantities 
of materials are contained in the .same volume so that theii' 
concentrations will be as follows — 


Nat 'I C-- Na. ] 

1 - a 


Cl 


r 


y. 


r 


y. 


r 


where r is the volume of the solution conveniently expres.sed 
as litres. The ojiposite tendencies of ionization aiKfrecombina- 
tion will tlien be as follows- 

NaCl c- Na. ; Cl 




— /• — 


where A* and // are constants. 

W'^e then deduce the following equation 


A 


x'^v 




Ic' c2(l - a) (] — a)r’ 

Ihe factor k /,' can now be lejilaced bv a single constant K 
which exprcs.ses the ratio of the tendency to dissociation of the 
niolecular material, to that of the tendency to recombination 
ot the ions. It is called the Dissociation or Ionization Constant 
t IS small for weak electrolytes and larger for strong electro- 
lytes. and It may be constant for all dilutions of a siimle 
electrolyte. ^ 

7-(I 173) 
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The Case of Weak Electrolytes. The matter can be tested by 
reference to the data in the following table (XVII) for acetic 
acid. 

TABLE XVII 


DISSOCIATION CONSTANT OF ACETIC ACID AT 18^ C. 


1’ Litres j 

Conductance 

a 

K 

2-02 

1*94 

0 00554 

1-51 X 10-^ 

15-0 

5-26 

0-015 

1-43 

I 500 

46*6 

0-133 

1*44 „ 

3 010 

04-8 ' 

0-185 

L34 „ 

7 480 

95- 1 

0-270 

1-33 „ 

00 

35)0* 


Average 1-41 x 10 ^ 


As an exain|)le of one calculation 




0*015 X 0*015 
15*9 X 0*985 


=: 0*0000143 


Having in mind the origin of these figures and that any 
error in the ‘"degree” of dissociation is magnified in the square 
of this quantity and further reflected in the imdissociated 
fraction, and also the wide range of dilution, it will have to 
be agreed that the value for K comes out with a remarkable 
degree of constancy. For acetic acid, a weak acid, the value 
is small, expressive of the slight degree of dissociation. With 
an electrolyte which dissociates more freely the value of K is 
greater. Take, for example, the case of formic acid, the data 
for which are found in Table XVIII. 


TABLE XVIII 
FORMIC ACID (H . COOH) 


V 

Eq. K 

a 


8 

15-2 

0-041 


32 

29-3 

0-079 

1 


128 

.i5-.5 

0-150 


512 

102-1 

! 0-276 


1024 

1.34-7 

! 0-364 


00 

370 

1 

(Av.) 


K 


0-00022 

0000212 

0-000207 

0-000205 

0-000202 


to be (ietermineci later. 
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Formic acid is a somewhat stronger acid than acetic acid. 

As an example of an alkali the case of ammonium liv<lroxide 
may be taken. (Table XfX.) 

rAIH.K XIX 

AMMOXIl'.M HVDUOXIDK (XH^OH) 


V 

J.itrea per 
Gni.-mol. 

Gni.-mol. 
per Litre 

i 

a 

1 

1 

1 

1 

Ionic 

Cone. 

! 

.Molecular 

XH/)H 

1 1 

4 

K 

1 

s 

()4 

2r>o 

1 

1 4 

1 1 

1 1-()00 1 

! (»12r) ( 

o-()ir>!» 

, ' 

1 

i 

1 

j 

(t-(»754 

1 

1 l)(KM7 ! 
U()0I7 
o-doufi 

1-000 -0-0047 
0-12.7 0-01.4,7 1 

0 0 1.79 -0-0000 
O-O049 O-OOIKJ i 

1 

U-oouo 2 :j 

0-00002.4 

0-000024 

U-OU0024 


Ostwald S Law of Dilution. In each of tliese, as in inaiiy other. 

exam|)les there is a remarkable constancv in the calculated 
values of the dissociation oi’ ionization constant. 

Tlie cases of these weak electrolytes detinitely show that tlie 
progress of dilution is not in any .sense liaphazard but is of 
sufficient uniformity to l>e regarded as following a law. and 
this uniform behaviour on dilution is known as Ostwald's law 
of dilution, embodied in tlie following expression 

y'^ 

Ionization constant. /\ ~ 

(I x)r 

wtiore a fle<;rcc of ionization and 

I' ^ nunilKT of litres {-ontaining I gin.-eq. of tlie solute. 

It will be observed that the numerical value of A' will he 
dependent upon the units chosen. For the e.xpre.ssion. however 
degree of dissociation or ionization is usually exprc.ssed as a 
fraction and the volume as litres containing 1 gni -eu of tlie 

Inoidcmally. in ll.e cx.n,|,lc; Ille 

Kluualent and molecular (plant ities are the same 

Ld^tn hi'fe’ri’' ‘'’‘Cigurcs vary appreciahlv. Those 

gi\en m fable XX apply for acetic acid at 25'^ C. 

ihere is, it will fic oh, served, a considerable increase in the 
eondue tance figures and afso that for the maximum equivalent 
onduetanee. and .some care mu.st he exerei.sed to differentiate 

wTsHmexXluTr f temperatures, other- 
wi.se unexplamal)le discrepancies will apjiear. 
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TABLE XX 

DISSOCIATION CONSTANT OF ACETIC ACID AT 25° C. 


Cone. (N) 

Eq. K 

a 

i 

4 

1 

K 

001 

16-2 

1 

0-042 

0-0000184 

0-005 

22-8 

0-059 

0-0000185 

0-002 

35-2 

0-0906 

0-0000180 

0 001 

: 48-7 

0-125 

0-0000178 

0 0005 

64-5 

0-166 

0-0000167 

0-0002 

104 

0-268 

0-0000194 

oc 

388 

1 


(Av.) 0-0000181 


The following list of dissociation constants will be of interest— 

TABLE XXI 


Acetic acid 
Formic acid 
Propionic acid . 
Monochloracetic acid 
Carbonic acid 
Hydrogen siilp}iide 
Hydrocyanic acid 


1*4 X 10-5 
20-9 
1-4 
155 

0 0304 
0 0057 ,, 

0 00013 .. 


Some of these figures are indicative of the very low ionization 
of substances well recognized as weak acids. 

From these dissociation constants it becomes possible to 
calculate the degree of dissociation at given dilutions. Thus — 


^^■(l - a) 

hence = A"r(I — a) 

For very weak acids a is small and 1 — a is therefore practically 
unity. Hence — 

= /\r and a = \ Kv 

This expression can now be tried out on the data available for 
acetic acid and given on page 92. 

There is in Table XXII good agreement which, however, 
disappears with decreasing concentration. 

The Case of Strong Electrolytes. Two examples of strong 
electrolytes will now be taken. The first (Table XXIII) is that 
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tahle xxii 

dissociation of acktic acid, calculated and found 


r (Litres) 


Ex})t. 


Calc, from I \ 


202 
lo-y 
1 r)U 0 

3 0 1 0 


OOOooI 
00 If) 
O-iy.'t 
01 85 


0 005:^3 
00 1 5 
01 45 
0-205 


of KOI for which ,t may he taken that wo have very reliable 
(ata and tins is cinhodied in the conductance at'different 

I <li««ociation the ionization 

-onstant has heen calculated hy the usual process. 

f'AHi.K XXIIJ 
POTASSIUM CHLOKIOK 


('one. 

1 

E(|. K 

1 

1 

1 

K 

i\ ! 

0-1 N ! 

001 N . 

0-00 1 X 

tx> i 

1 

1 

98-2 

112 

122-4 

127-3 

130-1 

' 0-755 

0-801 

0-941 1 

0-978 

1 

1 

: 2-32 

0-53 

0-15 

0-043 


I'here seems to be little constanev in this value nf A- m . 
-^Xt the ease of coi)i)er sninhate— ' ‘ 


ilphate 


table XXIV 
UOPPKK SULPHATE 


Com-. 

luj. K 

1 

j a 

K 

X 

0-1 X 1 

25-8 

0-226 ! 

' 0-066 

0-01 X 

• 1 

72-2 

101-t) 

114 

0-395 

0 0258 

0-001 X 

0-633 

0-0109 

50 

0-891 

1 

0-0073 
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This again shows no sign of a constant value for what we are 
calling the dissociation constant. Exactly the same result 
occurs in the case of many electrolytes which are largely 
dissociated at moderate dilutions, but that it does not occur 
with weak electrolytes has been evidenced. 

We here meet a problem with strong electrolytes which does 
not occur with weak electrolytes, and an adequate answer to 
the difficulty is not easily forthcoming. As far as the study has 
advanced the results have proved so entirely satisfactory that 
there can be no doubt as to the general truth of the suggestion 
of electrolytic dissociation. Here, however, is a problem which, 
though difficult, need not throw doubt upon the well-founded 
conception of the constitution of electrolji^es, but which may 
be regarded as calling for more information before formulating 
a more detailed conception of the phenomena involved. 

Towards the elucidation of the problem other formulae for 
deriving a dissociation constant have been suggested. One, 
by Rudolphi, is as follows — 




a 

a) VV 


The results obtained with this formula are shown for copper 


sulphate, silver nitrate, and jx)tassium chloride in the following 

tables (XXV-XXVII)— 


TABLE XXV 

COPPER SULPHATE 
(Ru(iolphi’s Formula) 


CoTic. 


X 

Ul N 
00 1 N 
U-OOI N 

X 


Kq. K 


% 



25-8 

45 

72-2 

101-C 

114 


0-226 

0 - 39 ") 

0-633 

0-891 


0-292 

0-210 

0-172 

0-2r)8 


It must be agreed that these values show a greater degree of 
constancy though, with the exception of silver nitrate, the 
variations are far greater than those with Ostwald’s law in the 
case of weak electrolytes. 
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TABLE XXVI 



SILVER 

NITRATE 



(Kiidojphi' 

's Forrniilti) 


V 

i “ “■ 

1 

r 

1 

t 

Litres per 

' a 

’ \ V 

K 

Gin. -mol. 


1 

/ 


16 

( 

0-828 

4 

1-20 

32 

0-875 

5-G5 

1-24 

t)4 

0-899 

S 

1-11 

128 

0-926 

11-31 

1 ^ ^ ^ 

l-lo 

2r>G 

: 0-951 

IG 

1-21 

512 

' 0-9G2 

1 

j 22-6 

1-12 


TAl^LK 

XXVII 



POTASS IU.\1 

CHLORIDE 



( Kiuiulplli’; 

s Eoriiuilji) 


V 1 




l.,itre.s per i 

a 

\ 1' 

K 

Gin.-efj. 




1 

) 

0-755 

1 

I 

3 08 

10 

0-8G1 

3IG 

1-9G 

100 ! 

0-941 

10 

1 - GO 

1 ooo 

0-978 i 

3IG 

1 

1-41 


However constant may be the values of K derived fro 
Kudolphis formula, there is to be noted the fact that the exnre 
Sion itself IS one which is not easily interpretahle. While 

and 1 — X are readily appreciateil (piaiitities \'T not s 

understHiulable. 

It will he appreciated that these formulae should exiirc; 

definite physical ideas and not he mere arithmetical or ah., 

t.i-aical expressions without any iiossihle relation to physic; 

Iiiopeities \et it is also possible that such definite hariuoiiii 

may embody physical ideas not previouslv recoLmized to lun 
immediate afiplication to the problem. 

Again, Vant Hoff jiroiiosed as an alternative the followin 
exf)res8ioii - iuiMnMo 


K 


a 


(l-a)2r. 
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Applied on the values for silver nitrate we get — 


TABLE XXVIII 

SILVER NITRATE 
(Vant Hoff’s Formula) 


V (Litres) 

1 

a 

K 

Ki 

0-828 

1-2 

32 

0-875 

1-3 

64 ; 

0-899 

1-14 

128 

0-926 

M 

2r)6 

0-951 

' 1-3 

512 

0-962 

1-2 


Here again a degree of uniformity is attainable by the use 
of the ex])ression proposed by Vant Hoff, but the problem is 
not one of mere arithmetic. Rather is the matter one of the 
expression of well-recognized phenomena in terms which are 
capable of being stated with exactitude and physical meaning. 
These later formulae fail to fulfil these requirements and 
therefore cannot be regarded seriously as any solution of the 
difficulty. 

Another and very successful formula for the conductance of 
strong electrolytes was suggested by Kohlrausch as follows — 

1 — aocA/C where 1 — a is small. 


Tried out on potassium chloride we have the following figures 

TABLE XXIX 

KOHLRAUSCH FORMULA WITH KCI 


V 

a 

1 - a 

Vc - ^ 

\ V 

1 - a 

200 

0-961 

0-039 

1 

0-070 

1 

j 

0-55 

100 

0-943 

1 

0 057 

1 

0-100 

0-57 


0-922 

0-078 

0-141 

0-55 


0-888 


0-223 

0-50 

10 

0-861 

0-139 

1 

0-310 

0-43 


Good agreement must be admitted where, as suggested. 
1 — a is small, with obvious deviations in which this factor 
increases, and it might be possible that some further evidence 
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may be forthcoming which will justify the application of this 
factor of the square root of the concentration in the explanation 
of the behaviour of strong electrolytes. 

Seemingly the problem must be left for the present in the 

hope that further data will be forthcoming from an extended 

investigation of electro-chemical j)henomena which will assist 

in clarifying a problem which, at present, is not readily 
understandable. 


Arguments For and Against Electrolytic Dissociation. At this 

stage it might be well to consider the evidences which have 

been adduced for the theory of electrolytic dissociation as 

brought forward by Ari’henius and the arguments which have 

been set against it. In its inception the theory met with the 
sternest oj)position. 

1. It was argued that it was impossible to conceive the 

existence of sodium ions in aqueous solutions in view of the 

known extreme reaction of this element with water. Similarly, 

too, a chloride solution shows no evidence of either green 

colour or the usual bleaching action. In reply it was pointed 

out that these elements in the atomic or molecular form may 

})e very different from the ionic form, in whicli their electrical 

pioperties, which make them susceptible to migration undei* 

the influence of an ap])lied P.lf., largely determine their 
behaviour. 


2. iNIaiiy of tlie most stable substances, such, for example, as 
the alkali chlorides, are the most amenable to dissociation. 
Ihis appeared to be inconsistent, and it was therefore suggested 
that the unique properties acquired by these salts in aqueous 
solution were probably due to the formation of complexes with 
solvent molecules rather than to any simple separation of their 
constituent parts. In further reply it may be stated that there 
IS abundance of evidence to indicate the association of solvent 
molecules with the charged ions formed by electrolytic dissocia- 
tion, so that both |)henomena may, and do, contribute to the 
observed results. 

3. If the molecules are undissociated in solution and electro- 
lysis is the separation of their components by the agency of elec- 
trical energy, then it would api)ear that there should be no current 
in an electrolyte with a P.D. less than that required to effect 
this decomiiosition of the molecule. The evidence available 
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goes to show that the smallest P.D/s suffice to produce 
some current in an electrolyte, and this at least indicates some 
type of partial separation before the application of the P.D. 
For the maintenance of the separation, however, a definite 
minimum P.D., varying with the electrolyte, becomes necessary. 

4. The instantaneity of the production of an electric current 
in an electrolyte with the application of a P.D. evidences the 
existence of electrical particles throughout the solution prior 
to the application of the P.D. With completely undissociated 
materials time would be involved in effecting the necessary 
separation of the parts of the molecules througliout the chain 
of molecules between the two electrodes. 

5 . If ionization results in the production of free or detached 
ions, then it should be possible to effect some sort of separation 
of these electrically-charged particles by physical methods 
other than that of the apjffication of a P.D. Attempts have been 
made to confirm this. In one case an electrolyte producing a 
heavy ion, viz., iodine from iodides, was centrifuged, when the 
heavier iodine ion was found in excess at one end of the centri- 
fuged tube with the lighter ions at the other. Similar small 
amounts of separation have also been eff ected by the application 
of a large electrostatic charge at the end of a tube containing an 
electrolyte. It must, however, be remembered tliat even though 
the ions may be sejnxrated their electrical charges are con- 
siderable and prevent that degree of separation which would 
give rise to appreciable accumulations of the different ions with, 
at the same time, the accumulation of the opposite electrical 
charges in considerable quantity, 

(). Reference may also be made to the fact that many 
chemical substances, ordinarily very reactive in aqueous 
solutions, fail altogether to exhibit the same properties when 
dissolved in other solvents. A number of examples may be cited. 

A solution of dry hydrochloric acid gas in toluene, kej^t dry by 
the addition of calcium chloride, reveals little or no conduc- 


tance. It is equally unresponsive to its usual chemical reactions, 
such, for example, as dissolving metals or attacking marble. From 
this it would appear that its usual properties must be attributed 
to the ions formed by dissociation in aqueous solution. 

Again, many organic compounds appear to contain radicals 
common with those of electrolvtes. (’austic soda and ethvl 
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r contain the hydroxyl grou]), but alcohol reveals 

■lud fiecause in water it does not dissociate. 

a d It IS the hydro.xyl ion which is responsible for tlie usual 
aikanne properties. 

In iimcli the same way many salts, which in solution react 
and give coloured products, fail to do .so u hen intimatelv 
ground together m the .Iry state. Here it might be arm.ed thaT 
•such grinding, however fine, does not bring the material into 

leact on, but from experience with so manv other reactions 

t IS far more probable that the reason lies in the fact that in 

|e di> state the materials are molecular, while in the presence 

of moistiirc reactive ions are formed, as manv chemical reic 

forrs between salts which take place in ainieo.is sohi < ■ 

are not possible when thesi^ siib.staiices are diLolved to.mthcr 
in organic solvents. 

7 Heviewing the work of the la.st few chapters the observed 

tacts botli on the physical and electro chemical sides have been 
vertriemir’'"'''^ liarmonv has 

„ivcn leinaikablv consistent (piantitative results tiu. < 

Xoi (an the discussion of the mech‘ini<»>i / f i 4 - i ■ 
conductance l)e left withino c ciianisni of electrolytic 

aiiyu IK. Kir uitiiout soiuc referciicp fo rinK,.,.!*- 
usually exnlaiiKHl It !.•»« ^ ^ nnnculties not 

^legree of dissocial ing power is (‘hanietr^^^^^^^ hy 7] -' f 

of 9-, for this propert V but'soln • ^ 'i value 

poor conductors. One of the niost^' ^ relatively 

ia that, as pointed out bv I'Viradav "''f 

with silver electrodes. Here 'there' is' mf'tr' T 'T’ 

several of its properties ft exi t ' ^ '‘7‘^ H'lique iKpiid in 

1 I 't'es. It exists m a iiolymerized form of 
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di- and tri-molecules associated with which may be the unusually 
high latent heat of evaporation with its profound influence 
on the economy of many things natural. It is, moreover, by 
no means uniform in its behaviour towards many chemical 
substances. It provides almost the only solvent for common 
salt, and also for cane sugar. Soap solutions in it conduct 
electricity but show no marked increase in boiling-point or 
depression of freezing-point, while in alcohohc solution these 
physical expectations are reahzed without, on the other hand, 
appreciable conductance. Obviously there is much yet to be 
learned in relation to this subject of the conductance and 
constitution of electrolytes. 



C'HAITKK IX 

TRANSPORT NUMBERS 


Cu SOa 


Ho SO 


Introduction. In electrolytic conduction there is the detinite 
idea of the motion of two opposite streams of o|)positelv charged 
ions, the total effect constituting current. It would be a matter 
of inteiest and im|)ortance to know more of this orderly motion 
or migration of the ions. If ionic speed is involved it should be 
(lossible to express it in terms of centimeties per second. As a 
start it might be easier to determine 
relative rates of migration of ions. 

Relative Rates of Migration of 

Ions. For the most part ions are 
colourless and their motion is there- 
fore not obvious. With some col- 
oured ions it is ]>ossil)le not only to 
observe tiieir motion, but also make 
an approximate determination of it. 

In Fig. 24 a glass tube having an 
“X” shape is partly filled with coj)- 
})er-sulpliate solution and jiartly with 
sulphuric acid, tiie licpiids being added and adjusted to give a 
sharp boundary at the point A. With the ])roduction of current 
there will be motion of the eo|)per ions towards the cathode, and 
tlie blue wave front will be seen to advance. The process is slow, 
l)ut the experiment can he arranged and conducted in a manner 
which admits of an approximate computation of the sjieed 
of the copper ions. Other coloured ions, for example that of 
permanganate compounds (MnO/). can be similarly dealt with. 

I' Hither, colourless ions can be followed by colour changes 
which they may effect, for example, the decoloration of slio^htlv 
alkaline phenolj)hthalein by an advancing boundary of hydrogen 
ions. I his IS commonly known as the .Moving Boundary method 
ot measuring ionic speeds. More accurate methods are Required 
and these, introduced by Hittorf over seventy yeans ago^ 

loa 



Ki<;. 24. Ionic .Mkjhation 
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Fk;. 2r>. hiNr( 
Mkjhation 


involve the deterininatiou of the changes of composition of the 
anolyte or catholyte accompanying electrolysis. 

Hittorf’s Method. Imagine a cell (Fig. 25) divided into two 
(•om]iartments by some convenient porous partition, A and C 
being the anolyte and catholyte respectively. Assume each of 
these compartments to contain 20 gm.-eqs. of silver (2 160 gm.) 
as silver nitrate. Fhe anode and cathode are of silver. The 

determination of the silver in these so- 
lutions is a matter of simple chemical 
analysis. A current is generated sufficient 
to effect the deposition of 10 gm.-eqs. of 
silver, that is, one-half of the quantity 
contained in the cathode compartment. 
(Actually this current will be 26-8 x 10 = 
268 ampere-hours.) 

In the absence of ionic migration the 
silver content of the catholyte will have 
))een reduced to 10 gm.-eqs., that of the 
anolyte having been increased by anodic 
a similar amount, and the original 40 gm.-eqs. will 
be distributed as 30 gm.-eqs. in the anode compartment and 10 
gm.-eqs. in the cathode section. 

(Iiemical analysis, however, rev^eals the fact that there are 
only 25-3 gm.-eqs, of silver in the anolyte. while there are 
14*7 gm.-eqs. in the catholyte. Hence during the deposition 
of 10 gm.-eqs. of silver, 4-7 gm.-eqs. of silver have migrated 
from the anolyte to the catholyte. Similarly, 5*3 gm.-eqs. of 
NOg ions have migrated towards the anode. The different 
(juantities of migi’ating ions are at once a measure of the current 
for \\’hich they are responsible, and thus in silver nitrate 0*53 
of the current is concerned with the migration of the anion 
wliile 0*47 of the current transports the silver ion towards the 
cathode. We need not at this stage concern ourselves with anv 

O ^ 

changes at the electrodes other than those of simply the 
solution of the metal from the anode and its deposition on the 
cathode. 

A similar experiment may be made with copper sulphate. 
Put 10 gm.-eqs. of the salt (and therefore of copper) into each 
compartment. This time develop sufficient current to deposit 
8 gm.-eqs. of cojjper. Without migration the copper content 
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of the catholyte will have been reduced to 2gin.-e(is. while 
that of the anode compailment will have increased to 18 fnn.- 
eqs. But migration has taken place and its extent is revealed 
by the analysis which shows that the cathode compartment 
contains 5gm.-eqs, of oop])er and the anolyte I5gm.-eqs. 
Hence during the deposition of 8 gm.-e(is. of co|)pei*. 5 gm.-ecjs. 
of co})j)er ions have migrated towards the 
cathode representing 0*375 of the current 
towards the cathode, while the remaining 
0*()25 was concerned with the migration 
of the sulphate ion towards the anode. 

Hittorf’s Apparatus. For the accurate 
determination of trans])ort numbers a 
much more refined type of apparatus and 
its skilful handling is uecessarv. That 
used by Hittorf. who did the pioneeiing 
w ork, is depicted in Fig. 20. In a modified 
form three tubes are used arranged for 
the simple wuthdraw'al of tlie anolyte and 
catholyte after the re(]uired electrolysis, 
the solution in the middle tube remaining 
constant in com[)osition thi*oughout the 
experiment. 1 he solution in an example 
is silver nitrate. Silver is dissolved from a 
convenient anode and deposited upon a 
silver wire cathode. The compositions of 
the two solutions can be determined both 
before and after electrolysis, the coulombs 
passed through being determined by a 
co])j)er coulometer in the circuit. Alter- ... 
natively the weight of sih'ei- dejiGsited may s 

»>o taken as a measure of the coulombs passed 

“ '•''I’""' “"‘■I' 

Electrolyte ; -Silver nitrate 

Couloinhs passed equivalent to ()-047 ein ('u 
Catholyte eontai.ied I -Sir. gm. Ag before ex,',t. 

” ” 1*231 after expt. 

I^OSS = ()’()S4 
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Silver deposited 


0*047 X 108 

sTs 


0-160 gm. 


Hence silver migrated to the extent of — 

0.160— 0-084 == 0-076 gm. 

from whicli — 


0-076 


0-160 


0-47 


is the share of the current concerned with the transport of the 
silver ion, the remaining 0*53 being carried by the NO 3 ion. 

Transport Numbers. These shares of the total current 
carried by the individual ions are called Transference or 
Transport numbers, and a number of accepted values are given 
in Table XXX. 


TABLE XXX 

TKANSFEHENCE OK TRANSPORT NUMBERS 


Electrolyte 

Uathiou 

Anion 

NaCl 

I 

! 

0-604 

KCl 


0-504 

NH 4 CI . 

! 0-492 

1 

0-508 

AgN03 - 

0-471 

0-529 

MgSO, . 

1 0-381 

0-619 

CdCl., . 

: 0-430 

0-570 

Na.SO. . 

to *■ 

0-390 

0-610 

K 2 SO 4 . . ' 

0-492 

0-508 

CuSO, . i 

0-370 

0-626 

CdSO, . . i 

0-384 

0-616 

BaCU . . 1 

0-447 

0-553 

. . 1 

0-822 

0-178 

HCI . . ; 

0-833 

0-167 

HN 03 . . ' 

0-841 

0-159 

KBr 

0-495 

0-505 

NaOH . 

0-190 

0-810 

LiCl 

0-328 

0-672 


These figures lead to sim])le conclusions, some of an important 
practical character. In the first place metal ions do not migrate 
as fast as they are deposited. Continuous deposition, therefore, 
calls for some method of kee])ing the cathode surface well 
supplied with these ions ready for deposition. Hence the usual 
methods of circulation or stirring. Secondly, salts tend to 
accumulate around the anode and sometimes, in the absence of 
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methods to ensure uniformity of the solution, crystallize out 
on the anode. Thirdly, the large transference number of the 
hydrogen ion suggests its comparatively great speed. 

Relative Ionic Speeds. It must, however, be Jjointed out that 
these transport numbers provide no direct comparison between 
the speeds of, say, the potassium and sodium ions. 'I’lie 
fractions are concerned with only the individual pairs of ions. 
When the speed of Cl- is represented as (J-(5()4 then that of Na. is 
0-39(), while that of pota.ssium is represented as ()-49() only u hen 
that of Cl- is taken as ((•.■)(J4. 

A simj)le calculation will serve to put these ions into some 
conii)arative order. Taking the mo.st rapid ion, viz.. H, as 

having a speed of lOO. that of Cl becomes ** ^ 

0-833 

while with a relative speed of -JO for Cl. that of Xa becomes 
0-39t5 X 20 

0^)4~' ■‘^iinilar values can be worked out 


by the .systematic comparison of pairs of ions with a common 


ion. 

Such results are shown in Table XXXI. They show the 
relatively high speed of the hydrogen ion and thus to a large 
extent explain the good conductance of the acids, and also 
that of the hydro.xyl ion which account.s to a large e.xtent for 
the excellent conductance of the .strong alkalis. 


T.ABLK X.X.XI 


KKL.ATIVK H.ATE.S OF lOXIC .M lOH.ATlOX 


C’atliioM.s 

Anions 

H 

. 100 

f 

' OH 


Cs 

. 20-7 

SO, 

21-7 

Hh 

. 20-.') 

in 

20 

Iv 

19(i 

; Hr . 

20 

XH, 

19:^ 

! XO3 . 

18-9 

Ha 

KM 

C.H^O,. 

I IS 

Ctl 

l.» 1 



Ag 

U-9 



Mg 

132 



Na 

13-1 1 



Cu 

13 



Hi 

9-S 

1 




3- ri .173) 
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^ ^ The figures in the table, however, have no absolute value, 
they are purely comparative and will have to be transferred 
sooner or later to a more absolute scale. 

Conditions Influencing Transport Numbers. It might be asked 

whether these fractions are affected by possible changes in the 
electrolytic conditions. The effect of temperature is illustrated 
by the lesults shown in Table XXXII, there being a general 
tendency towards the equalization of the values. There must 
be some reason for this which will soon come to light. 


TABLE XXXII 

EFFECT OF TEMPERATURE ON TRANSPORT NUMBER 


Electrolyte 

1 

Cathion Transport Number 

0 C. , 

1 8” C. 

1 

I 30° C. 

o 

O 

NaC! . 

0-387 

0-390 

0-404 

0-442 

KOI 

0-493 

0-490 

0-498 


AgNO^ 

0-4()l 

0-471 

0-481 

1 

1 



becondl}^ the current density appears to have no effect on 
these transport numbers, this being deduced from the figures 
shown in Table XXXIIL 


TABLE XXXIII 

EFFECT OF CURRENT DENSITY ON TRANSPORT NUMBER 


C.D. 

113 

420 

1 

1 

958 

T.N. 

0-291 

0-28o 

0-289 


A])parently. therefore, increased current density results 
from the general increase in the rate of migration. In other 
M^ords, with a small current the whole of the ions in the system 
are in slow motion. The effect of increasing the current is not 
to increase the number of ions in action, but generally to speed 
up their motion. 

There appears, however, to be a noticeable difference in the 
transport number of some of the ions with varying degrees of 
dilution. The relevant results for the silver ion in silver nitrate 
solutions are shown in Table XXXIV. For the time being we 
shall not enquire further into some ])ossible explanation as, 
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when this is attenijited, we may also be able to aoeouiit for the 
somewhat anomalous figures for the relative rates of migration 
of the alkali metal ions shown in Table XXXV. 

TABLE XXXIV 


t. of W rttor DissoK'ing 

1 Part by \\'(. of 

A^^XO., j 

1 . X . of Ion 

2- IS 
o- 1 S 

I 4 ■ o ! 

4H-44 
l04-(> 

247*:j 

1 

i (1-032 

((■oOo 

* i»-473 

(t-471 
(» 471 
((■47fj 


table XXX \ 



- . , . , _ , 



1 ' / O 


1 

i Ia 

1 

Xa 

K 

1 

, Hi. 

1 , 

(s 

Ionic mass. 
Relative speed . | 

i 

1 7 

!»-K 

1 

23 

13- 1 

4 

i 

3!» 

' l!)-(> 1 

1 

1 

S.') 

2d-5 

J 33 

2(1-7 


bom M^iSefC la;; " expeeialion 

It may. however, be remarke.l in passing that the inobilitv 
.. the heavy eaesmni ion in .-..mpari.son with the light lithiun, 
ions IS surprismg^ and some e.xplanation of this should l.c 
forthconung as the study of this i-henomenon .levelops. 

bnoimal Results. .Again there would aj.pear to be a number 
of abnormahties in these results which call for cxi.lanation For 


Xonimlity of soln. 

i 0-01 

' (j-or> 

1 (M ; 

: o-r> 

I 

2 

I A . (>r anion 

1 

0o<) 

1 

1 

()-(j4 1 

_ 1 

' 0-7) 

1 

1 

1 

1-12 

i 1-22 

1 






trim:;; „ cases cannot be 

I . inoic than the total current. The answer to the 
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difficulty is supplied by the fact that in determining the 
transport number the chemical determination was that of the 
iodine in the anolyte. This becomes excessive owing to the 
formation of a complex ion of the type of I . Cdig', so that 
Cdig is, in the form of this complex ion, being transferred to the 
anolyte. A similar anomaly would have been observed had 
the analysis been concerned with the determination of cadmium 
in the catholyte. Such complex ions provide interesting 
problems for those interested in electrodeposition, in which 
many double cyanides find extended use. 

The case of copper potassium cyanide may be taken by way 
of illustration. In the simple form of cell shown in Fig. 25 
assume that 10 gm.-eqs. of copper are contained in each com- 
partment, subsequently “passing” current sufficient to deposit 
5 gm.-eqs. of cop[)er. Without ionic migration the anolyte 
will increase its copper content to 15 gm.-eqs. and the catholyte 
become reduced to 5 gm.-eqs. Analysis, however, shows that 
tlie anolyte contains more than this amount while the catholyte 
content falls short of that antici))ated with no migration. 
Obviously, therefore, copper has migrated towards the anode 
in the form of a complex ion, while in all processes of electro- 
deposition it is desired to move toward the cathode. Dissocia- 
tion takes the course indicated thus — 

CuK2(CN)3 ^ K. + CuK(CN)3“ 

('uK(CN)3- ^ K. + Cu(CN)2- + CN- 

if the formula CuCN . 2KCN is taken for the double cyanide 
compound, and this is common to the similar double cyanides 
of other metals. In continued dejiosition, some stirring becomes 
very essential, though easily assured. 

Determination of Formulae of Double Cyanides. These double 

cyanides are numerous and of considerable im])ortance in 
electrode])osition, providing stable compounds which are 
available for the dejiosition of their metals on those more 
negative. Their chemical composition follows no fixed rule. 
Potassixim ferrocvanide and ferricyanide with formulae 
K^FeiCNle and' K^Fe(CN\,. or* Fe(CN) 2 . 4KCN and 
Fe(CN) 3 . 3KCN respectively, provide familiar examples. 
Those of copi)er are less definite, there being a number ol 
these complex double cyanides according to the method of 
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preparation. Tlie formula most usually ascribed to the com 

for- definitely fixing thes, 

1. I^-crystallization without change of composition. 

-. Conductivity variations with titration 
d. 1 otentionietric measurements with titration 

r\ H I I ■ ^ ... . 1 . 


/f 



Fic. 27. Amur, ON ok Sieve, < Xmi^Te to Pot.ssi, m , o,- 

HRSISTANCE OHANflES ANIt)!.. 

following the lines iisuallv adopted in tlm ......u 

position of silver potassium cyanide has been ioV • i '''T' 
.^gcN . K,.'.N i„ foiiowiug „ ; , » 

amounts of Mater and titmton » ;+i i • ''ith several 

tl.e specific resistiu::: u 

during the titration following the usmd ^ 

are shown in Fig ‘>7 in u hir.l. • I I’csults 

....1 10.7 ofsii™ . 7 jiif r''®? 

ooooie ,.,„i .oi„gie ,.ei,frt;;7v.r, 

ToIIowmg e(iiiations - accoulmg to the 

\ ^ -^gKfCN), + K^o 

AgK(CN)^ A .AgX()3 = oAgCX + KXO 

file decrease in resistance after thp lo - - ^ 

v,„, gxxil. o„. 
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the 10-7 point observed should be 2 x 5-2 = 10-4 ml., but it 
was observed that though at the 5*2 stage there was some 
slight opalescence due to the first formation of the single 
cyanide which increased with further additions of silver 
nitrate, there was no apjueciable flocculation and precipitation 
of the single cyanide until tliis excess of 0’3 ml. of silver nitrate 
had been added. The research is being extended to other 
double c^'anides and will doubtless clear away some of the 
uncertainty regarding the exact composition of these com- 
])ounds. Nevertheless, while the composition of the copper 
compound may be CuK 2 (CN )3 many of the simple reactions 
of tins compound are commonly explained by the formula 
CuK(CN)2. 

Combining Transport Numbers and Maximum Equivalent 

Conductances. We have now two important properties of 
electrolytes. The maximum equivalent conductance represents 
the conductance sujiplied by a gramme-equivalent of the sub- 
stance when completely dissociated. This is a definite quantity 
for each individual electrolyte. This conductance, however, 
is what is called an additive property. It has two components, 
these being the contributions of the anions and cathions, the 
relative values of which are expressed in the transport numbers. 

These quantities can now be brought together. Take the 
case of sodium chloride, the maximum equivalent conductance 
(M.E.K.) of whicli is 101)*1. From our knowledge of transport 
numbers we gather that 0*604 of the current is due to the 
anion and 0*306 due to the cathion. The individual shares are 

Anion (Cl) 0-6()4 x lOfl-l = 65-9 
Cathion (Na) 0-396 X 109-1 = 43-2 

These results carry the interpretation that if we could put 
35-5 gin. of chlorine ions between our standard electrodes one 
centimetre apart and apply a P.D. of one volt, the developed 
current would be 65-9 amp. If, then, we add 23 gm. of sodium 
ions without the production of any molecular salt the current 
will be increased by 43-2 amp. giving a total of 109-1 amp. 
for the 58-5 gm. of completely dissociated sodium chloride. 

The question arises : Are these values specific to the ions ? 
Is the same value forthcoming for chlorine from data taken 
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with, say, potassium chloride? For KOI the relevant data are ; 

M.E.K. == 130-], and transport numbers are for K = 0 - 496 , 

and Cl = 0-504. None of these figures appears to coincide 

with those for sodium chloride. Put them throngli the same 
operation thus — 

Anion (Cl) 0-504 x 130-1 = 65-6 

Cathion (K) 0-496 x 130-1 = 64-5 

The value for chlorine agrees in both cases, and tliis agreement 
I)ersists whatever chloride is taken. 

Specific Ionic Mobilities. Again from a sncce.ssion of sodium 
comj)ounds we invariably obtain the number 43 for sodium 
and from ])otassium com|)onnds the value is consistently of tlie 
order of 64 - 6 . These definite contributions of the.se ions to the 
maximum equivalent conductances of electrolytes are called 
the Specific Ionic- Alobilities. Others are obtained in a similar 
manner and are brought together in Table XX.W’l. 


'I'.Ain.i-: .\.\.x\ I 

SUKCIFIC IOXK; .MCJUlI.rj'IKS 


Elect roly t( 


H^C) 

HjSO^ . 

HCl 

HNOa . 

KCl 
Na(M 
KOH . 
(’uSO, . 
AgXO., 



Mjix. Ivj. K 


481 ) 

.183 

380 

37(i 

350 


5 


I 


J 30 
109*1 
238*() 

114 

115 


from these hgurcs we deduce that each of the ions acts in 
( evclopmg current cphte independently of its accompanying 
on. I hew enjoy a measure of independence which is called the 
lieedcmi of the Ions, a freedom which enables them to exhibit 
indiv.dua charactenstics though not allowing them to exEt 
uithout the company of an equivalent ciuantity of an opposite 

In ca.se the student is temi)ted to work out others it should 
be pointed out that the values in Table XXXVd repre.sent the 
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averages of numerous experimental results from different 
workers and some slight variations are to be anticipated in 
data derived from different sources, having in mind, too, the 
nature of the experiments from which these results arise. 

Dissociation of Pure Water, After all due care in the prepara- 
tion of pure water the conductivity has been determined to 
have a value of 384 x 10“^® mho. 


This reju'esents a specific resistance of 26 000 000 ohms. 
From the specific ionic mobilities of hydi’ogen and hydroxyl 
(315 and 174 respectively) we get, by addition, the maximum 
equivalent conductance of water, so that 18gm. of completely 
ionized water give a conductance of 489 mhos. The quantity of 


dissociated water ])er c.c. 


is therefore 


384 X 10-10 
489 


gm.-mol. 


Invert this figure and divide by 1 000 and we have the number 
of litres of water which contain a molecular weight of dis- 
sociated water. The figure is of the order of 12 700 000. This 
represents an a])preciable conductance when compared with 
some of the very dilute solutions which the electro-chemist is 
sometimes called upon to handle. For most purposes, however, 
we do not go far wrong in regarding water as an insulator. 

For so slight a degree of dissociation as that shown by water 
only the first of two ])ossible stages can be regarded as having 
been reached. The reaction is therefore expressed as follows — 


H^O ^ H. + OH- 

Maximum Equivalent Conductance of Weak Electrolytes. It 

has already been pointed out that in the case of weak or feebly 
dissociated electrolytes there is some difficulty in the computa- 
tion of the maximum equivalent conductance. Acetic acid 
(see page 78) is a case in point. The figure can, however, now 
be arrived at by the following method. The specific ionic 
mobilities of the two ions are separately determinable from other 
compounds exhibiting much more marked dissociation. 
Potassium acetate dissociates freely and the specific ionic 
mobility of the ion is therefore readily obtained. That 

of the hydi’ogen ion is also obtained from the strong acids. 
The addition of these two values 35 + 315 = 350 gives the maxi- 
mum equivalent conductance for acetic acid, a figure which 
has alreadv been used in the discussion of the law of dilution. 
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Otlier cases of weak electtrolytes are siiiiilarlv dealt with. 
Absolute Velocity of Ions. From the first it has been indicated 
that sooner or later we must come to the ex|wession of ionic 
mol)ility on an absolute scale, that is. in terms of centimetres 
per second or similar units. With the specific ionic mobilities 
settled we are able to go a stage fuither in this ipiest. For 
this |mri)ose consider one (centimetre cube of N . HCl between 
standard electrodes with a P.l). of 1 volt. Assume that the 
acid is wholly dissociated. The figure for dissociation of this 
concentration of the acid is of the order of ()-79. The assumption 
does not. howevei'. invalidate the argument as we are reall\ 
concerned with a solution wliich is norimd with lesjject to 
ions and not to total mass of the accid. and this is easilv attained 
by taking somew hat .stronger acid. 

The maximum equivalent conductance of this acid is 
31. a -I (Hi = 381, and with a IM). of 1 volt a current (jf 
0'3S1 amj). will he generated in this centimetre cube of this 
lonically normal acid. Of this cnrient ()-3l.') am]., will he con- 
(cerned with the migration of hydrogen ions which occur in the 
cemtimetre cube to the extent of (l-OOl gm.-e(|.. and (J-(J(Hi amp. 

with the transference of the anion Cl which occurs to the .same 
e(|ui valent strength. 

H\ the time .sufficient coulombs have passed to account for 
the deposition of this I gm.-eep of hydrogen, those ions 
first in proximity to the anode w ill have migrated to the cathode, 
that is. th(>y will have traver.sed a distance of I cm. 'I'o deposit 
••■001 gm.-c(i. of hydrogen we re(|uire 9(1 r)4(i -f- I ouo 9()-.a4 
coulombs or ampere-seconds, and as (he current a.s.sociated 
with the migration of the hydrogen ions is 0-3l.a amp. the time 
reejuired tor the migration of liydrcjgen ions through I cm. 
will be 9()-o4 u-:',!.-) 30(i.sec., C(irre.s|)onding to 1 — 3o() 

(••0()32()cm. per sec. This rate of migration', however, is 

generated with a IM). of 1 volt acro.ss a length of 1 ctn. and is 

mcrea.sed pro])ortionately with increase of IM). The fall of 

potential per centimetre length is called the Potential (Gradient, 

and thus it is usual to expre.ss the ab.solute rate of migration in 

terms of centimetre per second, per volt [ler centimetre or 
more l)rieHy cm. /sec*. /volt cm. 

Having obtained the value for the hydrogen ion, all others 
can be readily calculated from the relative rates of mii/ration 
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as expressed in the values knoAvn as specific ionic mobilities 
as shown in Table XXXVII. 


TABLE XXXVII 

ABSOLUTE VELOCITIES OF IONS 

cm. 'sec./volt/cm. 


Catliions 

i 

1 Anions 

t 

1 

H . 

0 00326 

OH 

0-0018 

Cu . 

0 000476 

Cl . 

0-000681 

Na . 

OOOOI")! 

SO4 

0-000703 

K . 

0 000668 

NO, 

0 000631 

Ag . 

0-00056 

1 

• 

• 

C 

X 

0 

0 000356 


From these figures it will be seen how exceedingly slow is this 
rate of migration. Take, for example, the copper ion. Its rate 
of migration is 0*000476 cm. ])er second with a ])otential gradient 
of 1 volt. 

Imagine a co])])er sulphate solution with coj)j)er electrodes 
10 cm. apart and a P.D. of 1 volt across them. The value of 
the current does not concern us, this depending upon the area 
of the electrodes and the concentration of the electrolyte. 
Copper ions are formed at the anode. They migrate and are 
subsequently deposited at the cathode. What time is involved 
in their migration from the anode to the cathode ? The distance 
is 10 cm. and the potential gradient is therefore 0*1 volt. 

The time required is therefore — 

10 _ , 

U-000476 X 0-1 X 3 600 “ 

In other words copper ions formed at the anode will under these 
conditions arrive at the cathode over 58 hours later if only 
ionic migration comes into ])lay. This well illustrates the need 
for some type of stirring where continued deposition is involved, 
and fortunately this requisite is readily supplied. 

Incidentally, too. it may be noted that our ex})ression of 
current has been reduced to very simple terms. It was originally 
pointed out that current is a factor embracing the number of 
ions and their rates of migration. The number and therefore 
the mass of the ions is concerned with the strength of the 
solution and the degree of dissociation at that concentration, 
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while the rate of migi-ation combines the two fundamental 
units of length and time. noamemai 

Xd rl i. T'' ""Sraf.on against wliich nothing can be 
uiged. It might, however, be interesting if these results could 

e made more obvious by actual measurements even if tl e 
latter were only approximate. 

Several methods have been devised, one of which flue to 

Sir Oliver Lodge, may be briefly described. In Fia 28 4 is •in 
inverted flat U-tube. It is ” 

filled with a solution of sodi- 
um chloride containing the 
mere.st trace of alkali and 
|)henolphthaleiii. Into this 
solution in the course of 
prejiaration is added suffici- 
ent gelatine to give it rigid! 
ty when cold so that the 
tube can be inverted while 
si ill retaining its contents. 

Tho gelatine merely provides a fairly rigid yet verv porous 
• tiuctuie m whieli the electrolyte is retained 

Leakers C ami T) into which the tube is inverted contain 
ute sulphuric acid with small platinum electrodes. Without 

f V'-' therefore hvdro-en 

hu.y emovmg the violet colour of the j.henolphthalein Th s 

he horizontal portion of the tube in which, In^i s i fiab le scale 
Its jirogre.ss can be measured ' "" 

B.V the application of a P.D. acro.ss the electrodes ionic 
n .gration IS developed, thus increasim, the rate P fill r 

1 f"- •'» “'-'io "..r ,t i: 

luBotlicr H i, I, ,7,„se (le<luce(i'bv'*tlie ■'' 0 W'tlc<l 



118 


PRINCIPLES OF ELECTRODEPOSITXON 


results only show a fair degree of accuracy owing to the very 
difficult circumstances attaching to the maintenance of a 
sharp boundary and to the measurements, especially that of the 
potential gradient. 


TABLE XXXVIII 

ABSOLUTE VELOCITIES OF IONS (LODGE) 


Ion 

1 

Absolute Velocity 
cm./sec./volt/cm. 

Fouiui 

Calc. 

Barium 

1 

000012 

0-00057 

Strontium 

0-00015 

0 00056 

Chlorine 

0-00014 

0-00068 

Bromine 

000014 

0-00070 

Hy<lrogen 

0-00260 

0-00320 


A further experimental method designed and carried out by 
Whetham is indicated in Fig. 29. Two electrolytes having a 
common ion and ])ractically equal conductances were chosen, 
one having a coloured ion. The selected electrolytes were 
potassium carbonateand potassium dichromate, a sharp junction 
of the two liquids being obtained. The movement of the col- 
oured dichromate ion towards the anode under controlled and 
definitely known electrical conditions was thus observed and 
the results obtained were more satisfactory than those by the 
previous method. 

VVhetham’s results are embodied in Table XXXIX. 


TABLE XXXIX 


Ion 

Absolute Velocity 
cm./sec./volt/cm. 

Found 

! 

Calc. 

Copper 

0-00029 

0-00047 

Chlorine 

0-00058 

0-00068 

Cr.O^ . 

0-00047 

0-00047 

Calcium 

0-00035 

i 0-00053 

Silver . 

0-00049 

0-00056 

SO, . 

0-00045 

0-00070 
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Again, a re\ iew of the calculation involved in the computation 
of the absolute rate of migration of the I)ydrogen ion (page 115 ) 
reveals the hict that this figure is obtained as follows 

(\irrent per volt transi)orting the ion per cm.^ 0.3 1 d amp. 
(’ouhmibs retjuired to remove ions from the cm.'* 



K2C0^ 

K2 ^7 




Imc. 29. Si’i-;ki) of Tons: W’uktha.m's Mi^thod 

and multi[)Iymg mmierator and denominator each 
we have 

1 Al. ot the ion 
90 ;)40 f5nada\’ 

so t hat generally 

Absolute velocity of ions S.I.AI. 

(cm. sec. volt cm ) 1/ 1 

Inuadav 


bv I onu 



CHAPTER X 

APPLICATIONS TO GENERAL CHEMICAL PRACTICE 

Introduction. The applications of the theory of solutions are 
obviously of considerable importance in the study of many 
chemical reactions in which, for the greater part, we are in- 
timately concerned with the use of substances in the form of 
aqueous solutions. The theory so far developed shows that, 
for examjde, a dilute solution of hydrochloric acid is some- 
thing more than a mere mixture of water and acid molecules. 
The fact that a large proportion of the acid is dissociated and 
that there is, therefore, a definite concentration of hydrogen 
ions and chlorions must be taken into account in considering 
the course of many chemical reactions including those related 
to qualitative and quantitative analysis in which concentrations 
exert a profound influence. 

Neutralization of Acids and Alkalis. The simple question; 

“Why are the acids acid?” finds its answer in the common 
presence of hydi’ogen ions. Acidity, common to all these sub- 
stances, can hardly be accounted for by the presence of dis- 
similar ions such as NO3, SO4, Cl, etc., as these also are present 
in solutions of the neutral salts of the respective acids. Simi- 
larly, the alkalis are alkaline by reason of the common ion OH. 
Now it is well recognized that the neutralization of equivalent 
quantities of many acids and alkalis is attended by the same 
heat evolution, which might not be easily accounted for if we 
are dealing with molecular materials without much apparent 
harmony in their composition. The equation — 

NaOH + HCl = NaCl + HgO 

assumes a different asj)ect when written in terms of the ionic 
theorv thus— 

Na. + OH- + H. + Cl- Na. + CP + H2O 

This form expresses the fact that neutralization is concerned 
with the combination of hydrogen and OH ions with the 

I2u 
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formation of noii-dissociated water, the sodium and chlorine 
ions remaining unaffected by the reaction. 

Reduced to its more simple terms the neutralization 
becomes — 

H. L OH- ^ H.,{) 


from 

acids 


from 

alkali?^ 


undissociatcd 
water molecules 


The similar process witli a common heat evolution thus finds 
adequate ex[)lanation (])age 142). 

Neutralization by Electrical Resistance Method. Tlie ])oint of 

completion of some chemical reactions in solution may be 
accurately ascertained by an electrical method which is based 
u[>on ionic speed changes. Siu-li a method is useful in the case of 
neutralization in which indicators are unsuitahle owing |)erlia[)s 

to a masking of the colour hy e.xisting coloured compounds 
such as dyestuffs. 

By maintaining a fairly uniform coneentratioii the formation 
and disa]>pearance of certain ions may be rendered evident by 
taking repeated measurements of the elecdrical resistance of a 
certain volume of the solution dui-ing the course of the titration. 
The introduction of a swift ion. like bvdrogen. for e.xample, 
causes a i‘apid fall in resistance while the rep!a(*ement of a fast 
ion by one with a lesser degree of mol)ility is act^ompanied bv 
a corres])onding increase in resistaiute. 

Take, for exanqile, the reaction- 

XaOH t HCl - NaCI - 

Tbe alkali soluliou originally c-oiitain.s the \a. ami OH ions. 
-Addition ol HCl cau.sos tbe leplaeemciit of the moderately 
fast OH- (S.I.M. = 174) with the mueli slower Cl ion 
(S-J.-M. = (ir>) with an iiu-reaso of resistance. With the lir.st 
excess of HCl there will he tlie introduetion of tlie rapidly 
moving H ion (S.I.M. ;0.7) with a marked decrease in resist- 

ance whicli is further rajiidly decreased by the prc.sence of more 
HCl. Witli snccessive additions of HCk therefore, to an alkaline 
solution tliere will first he an increase in resi.stance followed 
immediateiy after neutralization by a rapid decrease. 

'I’he.se clianges of resistance can' now he plotted against tlie 

known additions oi acid, and hy continuing the two branches 

ol the enrye the point of intersection will indicate tlie exact 
addition of acid to effect neutralization 
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Tyi)ical curves are given in Fig. 30. Curve A represents the 
increase of resistance by tlie addition of acid to alkali, while 
curve B shows the effect of excess of acid. The point of inter- 
section C marks the point of neutralization by the amount of 
alkali rej)resented at N. 

The conditions are, however, different with a weak acid like 
acetic acid. Here the resistance of the acid is large owing to its 

small degree of dissociation. 
The addition of sodium hydrox- 
ide to it involves the formation 
of sodium acetate with a large 
degree of dissociation. Rela- 
tively few hydrogen and acetic 
ions (from the acetic acid) are 
replaced by many more sodium 
and acetic ions, thus reducing 
the resistance (XY). This con- 
tinues until the point of neu- 
tralization ( F) is reached by the 
addition of alkali indicated at 
Jf, after which the further 
addition of alkali will involve 
the introduction of rapidly 
moving OH ions with a marked 
reduction of resistance. This 
change is indicated in curve YZ of Fig. 30, where resistance is 
plotted against frequent additions of alkali. 

Amphoteric Electrolytes. A number of chemical comjiounds 
are known which exhibit acidic or basic properties according 
to the chemical ‘‘atmosphere” in which they are placed. 
Arsenious oxide, for example, dissolves in hydrochloric acid, 
giving arsenious chloride of the usual metallic salt class. In 
sodium hydroxide it also dissolves, giving sodium arsenite, 
thereby exhibiting acidic properties. Some electrolytes behave 
similarly. Aluminium hydroxide, though only very slightly 
soluble, ionizes in two ways, thus — 

(I) A1(0H)3 ^ Al... + 30H- 

and (2) AI(()H )3 ^ -j- A 10 ( 0 H )2 

In the |)resence of hydrogen ions, dissociation proceeds 



xrz Alkah to HA 

Fkj. 30 . Neutralization rv 

(’ONDUCTANCE 



APPLICATIONS TO GENERAL CHEMICAL PRACTICE 


12 :] 


according to equation ( 1 ) while in an alkaline atmos})here, 
that is in the presence of OH ions, dissociation follows the 
course of equation ( 2 ). To such substances the term amphoteric 
electrolytes is also ap])lied. Many other substances behave 
similarly. While acetic acid definitely ionizes as follows — 

02H,02 ^ + C2H3O2- 

the introduction of an amino group, as. for examjde, in amino- 
acetic acid or glycocoll (CHo . NHg . COOH), im|)arts ampho- 
teric properties so that ionization takes two courses as follows — 

( 1 ) NH, . CH2 . VOOH + H./) ^ NH3 . ('Hg . COOH. + OH 

(2) XH., . vn, . COOH NH., . CHo . f'OO -f H. 

^ ^ M to 

The course of ionization depends upon tlie ‘’atmosphere.’' 
Under acidic conditions dissociation proceeds according to 
equation ( 1 ), the hydroxyl ions being removed by the hydrogen 
ions from the acid. Under alkaline conditions the second type 
of dissociation takes place, the hydrogen ions being removed by 
the hydroxyl ions ot the alkali. Chemically, too. this compound 
combines with an acid forming an acid salt and forms also 
with sodium hydroxide a sodium salt by replacement of the 
carboxyli(t hydrogen by that metal. 

Replacement oi One Metal by Another. Ta ke the case of zinc 

put into copper sulj)hate. The usual form of e<juation is — 

Zn I CuSO, = ZnSO, 4 ('u 
The similar reaction with the chloride is — 

Zn r CuCb -- Zn(’l 2 + (’u 

Again, as with other examples of zinc with coi)|)er salts, 
there is a common heat evolution. This finds adequate explana- 
tion when any one of these reactions is expressed in a form 
which introduces ionized materials. ’Fhen — 

Zn I Cu.. ^ SO^ Zn.. ]- SO^ t f'n 

the so-called acidic radical cancelling out from both sides of 
the equation in all cases. This reaction will demand closer 
investigation when considering the electro-chemi.strv of the 
Daniel! cell. Iteduced to simple teiaiis we have 

Zn 4 Cu.. Zn.. ^ Cu 


Many othei’ cases follow on similar lines. 
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Mixtures of Substances Without Precipitation. A solution of 

sodium chloride is added to one of potassium nitrate. Whatever 
products there may be are soluble in water. There is therefore 
no precipitation, yet evaporation of the mixed solution shows 
the presence of all four possible salts in proportions determined 
by the relative quantities of the two original substances. 
Chemical action has taken place but there is no external 
evidence of it in the form of heat evolution. Written chemically, 
the reaction is — 

NaCl + KNO3 - KCl + NaNOg 

the reaction being reversible. Written from the ionic point of 
view tlie reaction becomes — 

Na. + Cl- + K. + NO3- ^ K. + Cl- + Na. + NO3- 

This, however, would only be a true statement if both solu* 
tions were at infinite dilution. Under ordinary conditions of 
dilution some part of the two original salts would not be dis- 
sociated, while the ions formed by this partial dissociation 
would combine to a certain extent forming molecules of the two 
other products. Heat absorptions, on the one hand, are exactly 
balanced by heat formations on the other. 

Some Analytical Examples. QuaUtative analysis is to some 
extent concerned with the identification of basic and acidic 
radicals in solids or solutions. There are, for example, well- 
recognized tests for ‘‘copf)er,’* as it is usually called. These 
include the displacement of copper by iron or zinc, the preci- 
pitation of co])per sulplxide in acid solutions with sulphuretted 
hydrogen, and the production of the blue colour witli an excess 
of ammonia. These tests, however, are not productive of 
results when applied to a copper solution in the form of a 
double cyanide. From such a solution iron does not precipitate 
copper, in fact solutions of this type are kept and heated in 
iron tanks in the usual electrodeposition processes. Nor does 
sulphuretted hydrogen give a black precipitate of copper 
sulphide from the cyanide solution, hence the separation from 
cadmium in Group II, while ammonia is also indifferent. The 
explanation of these apparent anomalies is found in the fact 
that the double cyanide solution does not contain any aj)preci- 
able quantities of copper ions, while the tests which we usually 
a])ply for, as we say copper, are more strictly tests for cupric 
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ions. Few analytical text-books are written from this stand- 
point, though the fact is not lost sight of by their authors. 

Many well-known chemical facts at once receive adequate 
explanation from this suggestion of electrolytic dissociation. 
The colour of solutions is a case in ])oint. Solutions of coj)pe!* 
nitrate and sulphate are blue with, however, somewhat different 
shades of that (*olour. That of copper chloride is definitely 
green. In all cases dilution yields a common blue colour due 
to tlie common coi)|)er ion. In the solid dehydrated form cop|}ei' 
chloride is yellow. In strong solutions this, combined witli the 
blue colour due to the first formed c.o])per ions, yields the green, 
wliicli with dilution pas.ses tf) tlu* blue chaiacteristic of the 
copper ion. Thus — 

VuVU “ Cu.. 4 2{’l 

the persistent yellow colour of soluble chromates is due to 
the (VOj ion; that of the .soluble dichromates to the C’r^O; 
ion, wliile that of the alkaline permanganates must be ascribed 
to the i)ersistent MnOj ion. In fact there is abundant evideiure 
that in the crystalline form many compounds have already 

begun this pro(‘ess of dissociation with the watei- of 
crystallization. 

Oxidations and Reductions. It will fii'st be appreciat(*d that 

the oxidation of feirous to ferric salts iinolves the inerease in 

the active valency of the iron ion. Feirous ions are divalent 

w hile those of ferric are trivalent. and the conversion of ferrous 

chloi'ide to f(*iTic chloride with. say. c hlorine is usually expressed 
as follows 

■>Fei\ + {\ = 2Fe('I, 

i his again is not a reaction between molecules. The chlorine 
which is taken u[) in the reaction first assumes the ionic form 
in whicli it also occurs in the dissociated ferric compound. Its 
assumption of the negatively charged ionic form involves the 
liberation of an equal and opposite positive charge wliich 
increases that of the ferrous ion to that of the ferric thus 

VeiX -> Fe.. + 2(’l 

(T-^2(’l q- 20 

adding tliese reactions we get — 

2Fe.. -id . 2(’l t- 2o = 2Fe... 


i (i('l 
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Other oxidizing reagents can be brought into line with this 
simple case. 

Turning now to the reduction of ferric to ferrous iron it will 
be remembered that this is not brought about by merely 
bubbling the gas hydrogen through the ferric solution. Acidi- 
fication of the solution followed by the addition of zinc readily 
effects the reduction due, as we ordinarily say, to the production 
of nascent or atomic hydrogen. What M^e are really concerned 
with is the ])roduction of zinc ions at the expense of the ferric 
ions thus — 

2Fe... -|“ Zn = Zn.. 2Fe.. 

tlie ferrous and zinc ions combining to some extent with 
chlorine ions to form molecular chlorides, the total reaction 
being then written chemically — 

2FeCl3 + Zn - 2FeCl2 + ZnCl 2 

Solubility of Relatively Insoluble Substances, While many 

substances are so slightly soluble in water as to be regarded as 
])ractically insoluble, insolubility in the absolute sense is not 
admitted. Barium sulphate and silver chloride, for example, 
are usually regarded as insoluble substances, and this is admitted 
in the ])recipitation of these substances in the quantitative esti- 
mations of sul])hates and chlorides. They, however, do possess 
a measurable degree of solubility. That for silver chloride 
amounts to only 1*5 jmrts ])er million or 1-5 mg. ])er litre. 

This is obviously far too small an amount to be estimated by 
the process of saturating water and evaporating a measured 
volume to dryness. This would involve the evaporation of 
1 litre of solution to recover T5 mg. for weighing. A much more 
reliable method involves the estimation of the electrical con- 
ductivity of the saturated solution. By methods which have 
previously been described, the specific resistance of this solution 
is of the order of 800 000 ohms. 

At this extreme dilution it may be reasonably assumed that 
the substance is completely dissociated. The specific ionic 
mobilities of Ag and Cl are 54 and 65-5 respectively. The 
maximum equivalent conductance of silver chloride is therefore 
the sum of these two quantities, viz., 119-5. It will suffice to 
call this 120, meaning tliat 143-5 gm. of completely dissociated 
silv^er chloride giv^e rise to a conductance of 120. 
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Now the conductance of 1 c.c. of the saturated AgCl solution 
is 1 -i- 800 000 mho. Hence — 

120 mhos are produced by 143*5 gm. of ionized AgCl 


1 143-5 


800 000 


. 143-r) X 1 000 X 1 000 

e<|n, valent to - _ I-i |,er litre 

In the case of calcium sulphate the saturated solution has a 
specific I’esistance of 295 olims. The specitic ionic mobilities 
of' calcium and SO^ are 4() and tiS respectively, giving a maximum 
equivalent conductance of 114 for calcium sulpliate. On the 
basis of the similar calculation we have — 


CaSOj per litre — 


13() X I 0(K» 


2 X I 14 X 295 


2gm. 


Here the M.K.K. is for iOaSO^. hence the 2 in the 
denominator. 

Solubility Product. I n approacliing this topic referenc*e may 
be made to the fact that many solids are soluble in licpiids 
which are immiscible. I^'or example, iodine dissolves in water 
and also, but much more freely, in ether. If iodine is shaken 
up with a mixture of ether and water insullicient to dissolve 
the whole of the solid, that is, to ensure saturation in l)oth of 
the solvents- there is a definite pro|)oj'tionalitv between the 
(juantities of the iodine dissolved in the two li{|uids. This ratio 
can readily be determined in this and many similar cases. 
I his ratio is called the ‘pai-tition coefficient.” As another 
exam|)le, acetic acid dissolves in water and in etlier. being more 
soluble in water than in ether, the relative proportions or 
partition coefficient being as 1*9 : TO. Moreover, this ratio 
is practically the same as that of the solubilities in the two 
licpiids separately, and. still further, it has been definitely 
shown that it does not alter even when the two li(|uids solvents 
in contact with each other are not saturated. 

44iis matter can now be brought dow n to the more interesting 
examples of substances which are usually regarded as insoluble” 
but which, it will be realized, are as a matter of fact very 
slightl\ soluble. lake, lor example, tlie case of silver chloride 
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of which a saturated solution stands in contact with the solid. 
There is then a constant ratio between the concentration of the 
silver chloride in the solution and the solid. In the case of the 
solid the concentration is 100 per cent, and this makes the con- 
centration of the dissolved silver chloride constant. 

At this extreme dilution it may be assumed that the silver 
chloride is com{)letely dissociated, giving a similar ionic con- 
centration for each of the ions. The product of these ionic 
concentrations is known as the “solubility product.’’ That for 
silver chloride is obtained in the following manner, the con- 
centrations being expressed in terms of gramme-molecules or 
gramme-ions per litre. The solubility of silver chloride is 
1-5 mg. per litre or 0*0015 gm. per litre. Ex])ressed in terms of 
gramme-molecules, the solubility becomes 0*0015 ^ 143*5 
— T05 X 10'^. Completely dissociated, the ions have the 
same concentration, and the solubility product (^) for silver 
chloride is therefore — 

S = 1*05 X 10-5 X 1.05 X 10-5 ^ PI X 10-10 

It is well recognized that these solubility products are con- 
stant for individual substances. It follows that if the concen- 
tration of either ion is increased by the addition of another 
substance yielding eitlier ion, this ionic product which cannot 
increase will be kept constant l)v the preci])itation of some of 
the substance. 

In the following equation assume both substances have been 
added together in exactly equivalent quantities. 

AgNOa + NaCn = AgCl + NaNOg 

The precipitation of silver chloride is incomplete by the 
amount (though only very slight) which remains in solution and 
which is com]}letely dissociated. The addition of an excess of 
vSilver nitrate increases the silver ion concentration and with it 
the ])roduct of the ionic concentrations of silver and chlorine. 
This at once leads to the precipitation of a further small 
amount of silver chloride, which substance is therefore more 
completely preci])itated in the presence of an excess of silver 
nitrate than with its exactly theoretical amount. 

An excess of sodium chloride might therefore be expected to 
exert a similar effect. This, however, is not the case, as here a 
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complex ion of the type AgClg” fonnocl, leading to tlie re- 
solution of some of the precij)itated silv^er chloride, and hence 
a less complete quantitative recoveiy. 


TAHLK XJ. 

SOLI' Ml LIT V PHODrc’ I'S 


Substance 

i 

\ 

Sohibilit V 
(Jm. per Litre i 

x 

1 

1 

AgC'l . . 

0-001.') 

1 

I 

X 

10 

lo 

Ag.CrO^ . 

c-02.’) 

' 1 

■7 

X 

10 

12 

(.’aSO^ 

• > 

o, 


X 

10 

4 

CaCrOj 

1 .')■() X 10 ^ 


■0 

X 

10 

V 

HgCI 

l-Ou X !0 

•) 


X 

n» 

21 

PbSO^ 

0-041 

0 


X 

10 

.5 

HaSOj 

, 2-:j X 10 '* 


.o 

X 

10 

lu 

J5a(’i()4 . 

:ls X 10 ^ 

'2 

:i 

X 

10 

lu 


These solubility products are. in many cases, determinable 
by comparatively simple analysis. That for potassium })roniate. 
for example, is obtained by making a saturated solution of the 
substance, cooling to taking out a measured (piantitw 

mixing with an excess of potassium iodide and, after acidifying 
with sulphuric acid, titrating with X 10 sodium thiosulphate. 
A iurther volume of the solution is taken and a known amount 
of potassium l)romide is added. After shaking and standing, the 
bromate is redetermined, and from the decrea.sed bromate 
concentration and the known increased potassium ion coii 
centration a constant |)roduct is obtained. 

Applications in Qualitative Analysis. Many curious variations 

in the solubilities of the sul|)hides of the metals give rise to 
methods of their separation. A number of well-known metallic 
sulphides are precipitated in fairly strong acid solution and 
are therefore thiown down by passing after the removal of 
silver, lead and mercurous with excess of hydrochloric acid, 
Others, such, for example, as those of nickel, cobalt. manHauese 
and zinc, are partially i)reci|)itated in originally neutral 
solutions and eoinpletely thrown down in alkaliiie'solutions. 
The conception of solubility product jnovides an adeepiate 
answer for the.se ditferences of behaviour, d'he following values 
for solubility products are interesting in this connection: 
HgS. 4 . 10 ■'bCnS, « < 10 (MS. 5 x lo ZnS, I x 10 
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and MnS, 14 x The passage of HgS into solutions of 

these metallic salts will lead to the precipitation of the sul- 
phides when the product of the concentration of the two ions 
exceeds the solubility product. Of the two ions greater 
variation IS practically jiossible with the gas rather than with 
the metalhc salt. As a weak acid the dissociation of H,S 

H 2 S ^ 2H. + S— 

is variable with the concentration of hydrogen ions due to the 
amount of acid present. In the presence of acid the sulphur 
ion concentration is lowered with the result that the metal 
ion concentration is increased, and with it a less complete 
preci^Iiitation of the metallic sulphide. In a neutral zinc 
sulphate solution the passage of HoS only effects partial 
precipitation of the zinc sulphide, owing to the acid set free. A 
more complete jirecipitation is obvious by the addition of 
water, which reduces hydrogen ion concentration and therefore 
increases the sulphur ion concentration and with it a reduction 
of the metal ion concentration. A more complete result is 
obtained by the addition of sodium acetate, the “buffering” 
effect of which is referred to in Chapter XVI. 

These soluliility jiroducts, together with the formation of 
many complex ions, are responsible for many reactions ad- 
vantageously em|)loyed in both <|ualitative and quantitative 
analysis. 

Solubility Product of Water. In the case of water the ionic 
concentration is 0-8 x 10^'^ gm.-mol. jier litre and the ions are 
in equilibrium with the liquid. The usual expression for the 
relation of the.se concentrations therefore holds as follows — 

(H) X (OH) _ 

(H2O) - 

Ihe concentration of the water liquid, howev'er, is constant, 
being of the order of 1 000 18 = So gm.-mols. per litre. 

Hence (H) x (OH) = K 

and the ionic product, that is the product of the concentrations 
of the ions, is therefore (0-8 x lO^')^ — 0-64 x I0“i‘‘. This 
figure varies with temjierature as slio«ii in the table on 
])age 131. 
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TABLE XLl 

IONIZATION OF WATER 


,0. ' 

K X lo>^ 

10 

OS 

20 i 

1 o-oy 

'Mi 

1-48 

40 

.S02 

f)0 


HO 

2:i-4 

100 

' ol-s 

1 


Water Testing. In one form of water-testing appai'atus some 
attempt is made to deteiinine the relative qualities of solids 
in well waters drawn from tlie same source. Imagine such a 
water to contain a number of impurities always in the same 

I K' 

proportions. A sample is carefully analysed and the conduct- 
ance of the water determined. l>om time to time the con- 
ductance of the water is redetermined in an a])paratus specially 
designed for easy and comparative measurements. Assuming, 
then, that the impurities are constant in nature and also in 
relative pro|>ortions. the electrical conductance becomes a 
rough measure of the amount of solids ])resent. 

The princi])le of the method will readily be followed as also 
will be the limitations of its applicability. 

Acidity and Alkalinity of “ Salts.” Simple chemical notions 

teach that salts are neuti’al com|)ounds while experience soon 
sliows this to be not exactly true. 

Ferric chloride, for example, is strongly acid. The reason is 
this : Ferric chloride is i)artially hydrolyzed in water, the ferric 
hydroxide remaining dissolved in the excess of chloride or 
a.ssuming the colloidal form. 

Fed, + ;m./) ~ Fe(0H)3 + ItHCl 

In any case, it is only very slightly ionized. On the other 
hand the equivalent quantity of hydrochloric acid set free is 
almost comj)letely ionized, and thus there is a preponderance 
of hydrogen ions with re.sulting acidity. The phosphates of 
sodium luovide another interesting exam])le. Trisodium 
phosphate should apparently l)e a neutral com])ound. A 
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litmus test shows it to be strongly alkaline. Assume a small 
degree of hydrolysis thus — 

Na^PO^ + 3H2O - 3 NaOH + H3PO4 


\ ie\\ ed as chemical compounds the alkali and acid are 
toimed in exactly ecjuivalent quantities and this therefore 
does not account for the alkalinity. Caustic soda, however, 
dissociates far more than phosi^horic acid, and thus we have an 
excess of OH ions and therefore alkahnity. 

Tn the same way disodium hydrogen ])hosphate should be 

an acid phosphate and give an acid reaction. Hvdrolvsis 
yields- 

NaoHPO^ + 2H2O = 2 NaOH + H3PO4 


Here the acid is molecularly in excess of the alkali, but the 
greater ionization of the latter compound more than counter- 
balances that of the relatively larger quantity of the acid, 
thus giving a slightly alkaline solution. 



CHAPTER XI 

THEKMO-CHEMISTRV 


Introduction. If chemistry is detiiied as a study of the i)roperties 
of substances as they arc mainly dependent upon composition, 
and also the changes of proj)erties with change of comj)osition 
brought about by mutual interaction, it is also concerned with 
a number of phenomena attendant upon chemical change. One 
of the most important is that of heat evolution and absorption. 
Thermal change invariably accompanies chemical change. In 
fact in the absence ot thermal change it may almost be said 
that there is the absence of cliemical chant/e. The study of 
these tliermal changes is called Theiimj-cliemistry. 

To the elementary student the following e(iuations — 

C -h O 2 - CO^ 

and -JH., + ()., ^ 2H.>() 

may appear a« adecpiate represeiital ions of the coin|)lete com- 
bustion of carbon and hydrogen. Tlie ina.sses of the .sid)stances 
reacting and produced ai-e in agreement with the general law 
that no matter is either created or destroyed. Thermo- 
chemistry. however, takes into account another factor. If we 
could have a balance which weighed both matter and eneigv 
it would then be very obvious that 44 gm. of carbonic acid gas 
weighed very much le.ss than gm. of carbon and 32 gm. of 
o.vygcn. The difference represents the energy in the original 
com|)onents which does not jjersist in the |)roduct. The energy 
is usually manifested in the foi in of heat developed during the 
combustion process. 

Fonns and Transformation of Energy. Defining energy as 
the power of doing w'oi’k, we are at once able to measure the 
energy set fiee or absorbed during chemical change. Everv 
substance or system of .substances contains energy differing 
in amount and ease of liberation and utilization. This sum 

the ‘‘iiitrinsie energy,” and the 
intrinsie energy of two systems of sub.stanees capable of inter- 
action will differ by the amounts absorbed or evolved during 

133 
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the reaction. The wliole of this energy is not made manifest 
dining the course of the reaction, and the term “free energy” 
may be applied to that portion which is liberated, and “bound 
energy to that jiortion not made manifest. In these latter 
days of scientific discovery we are told of the enormous stores 
oi energy locked up within the atom, which are, so far, not 
available for liberation and utilization, and this problem has 

for some time been engaging the attention of the physicist. We 
cire 11616 111016 conc6rn6d with th6 fr66 6ii6rgy. 

Of th6 common forms of energy, mechanical energy is seen 
111 the production of motion against resistance. Such energy 
is usually transmitted by means of ropes, belts, pulleys, and 
shafts. Electrical energy is transmitted througli conductors, 
and is cajiable through suitable media of conversion into the 
mechanical form. Heat, which is molecular motion, is trans- 
mitted by conduction, convection and radiation, while chemical 
energy is that latent form resident in chemical substances and 
set free during chemical change. 

These several forms are mutually transformable. Mechanical 
to electrical takes place in the dynamo, and the reverse process 
in the electric motor. Electrical energy is converted into heat 
in all forms of resistance by what are commonly called the FR 
losses, expressing the fact that the heat developed is propor- 
tional to the product of the square of the current and the 
i*esistance, and the reverse process takes place in the thermo- 
couple and thermopile. Joule's quantitative experiment is 
based on this principle, upon which he determined that a British 
1 hernial Unit (heat required to raise the temperature of one 
pound of water through 1° F.) was equivalent to 778 foot- 
pounds, and the joule (volt-ampere-second) equivalent to 0*239 
calorie. There are no special units of chemical energy, it not 
being expressed until it has undergone transformation into heat, 
when calories provide a convenient unit. Chemical energy is 
transformed into electrical energy in the usual forms of voltaic 
cell, the reverse jirocess taking place when electrical energy is 
utilized in the production of chemical materials. Some of these 
transformations can be carried out quantitatively while this is 
not possible with others. It would be difficult to get any exact 
relationship of mechanical and electrical energy by means of 
a dynamo or motor owing to unavoidable losses, but this 
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important coni[)arison can be effected by transforming each of 
these forms ot energy separately into heat and comparing the 
quantities developed. It was by this means that a careful re- 
lationship can be obtained and i)y u hicli we leani that I horse 
power is equivalent to 74() watts. 

hor example, the quantitative transformation of electrical 
energ}’’ to heat is obtained by itiethods of dissipating the heat 
produ(;ed by electrical energy 
into a medium in which it can 
be quantitatively absorbed and 
measured. A simple type of 
apparatus for this purpose is 
shown in Fig. 3i in which cur- 
rent is ])assed through a coil of 
liigh resistaiu-e wire immersed 
in water. Simple electrical meas- 
urements and temperatures give 
the required details. Some ele- 
ment of design in the jn-opor- 
tinning ot the (|uantity of water 
used and the energy in])ut is 
obviously recpured. together witli adecpiate airangements for 
the prevention of the escaj)e of heat during tlie experiment. 
Note. tt)o. must, also be taken of the amount of heat absorbed 
by the apparatus itself, a tigure which, exjuesscd in tei ins of a 
change of temperature of 1“ C., is called the water e(|uivalcnt 
of the calorimeter. These details, how ever-, are not oui’ immedi- 
ate concern. The experiment is one w hich is capable of being 
caiTied out with the greatest accuracy, and upon it depends our 
exact knowledge of the relationshi]) of these two forms of energy. 
The following typical figures for an experiment may be taken as 
an illustration - 

Mass of water, 2 000 gm. Initial Tempeiatuie, 15° Final 
Temperature, 22*5° C. C'uiTcnt, 20 amjrs. P.D., 10 volts, 
'rime, 5 min. For tire sake of simjrlicity omit the amount of 
heat absorbed by the calorimeter vessel. Then the heat trans- 
feired to the water- is the product of the mass of water and the 
increase in temperature. Hence — 

Calories tr’ansfeiTcd to the water 

-- 2 000 X (22-5 




15 ) = 15 000 
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Further, the electrical energy measured as joules is the 
])roduct of the volts, amperes, and seconds. Hence — 

Joules = 10 X 20 X (5 X 60) = 60 000 
60 000 joules ^ 15 000 cals. 

1 joule 0*25 cal. 

These are a])proximate figures. The more exact figure is 
0*2888 or 0-239, which is frequently taken as 0*24. 

1 H]). = 33 000 foot-pounds per min. 

= ^350 ,, ,, sec. 

778 foot-pounds = I B.Th.U. 

= 454 X = 252 cals. 

252 

1 foot-pound = = 0*324 cal. 

7/8 


Hence 


0*2388 

1 joule = = 0*7372 foot-pound 



550 

0*7372 


746 joules per sec. 


-- 746 watts. 


These are relationships generally useful in calculations of the 
energy set free and reijuired during the course of chemical 
changes. 


Thermo-chemical Values. A very large number of figures 
representing thermal changes accom]^anying chemical change 
are available in the aj)propriate literature. Many have been 
determined directly in suitable calorimeters in which the 
chemical changes between exact quantities of substances have 
been effected in such a manner that the develoi)ed heat is 
transferred to water and there estimated. The following may 
be taken as ty[)ical of a number of interesting and imj)oi’tant 
cases, gni. ecjuation quantities being referred to— - 


"F ^2 — 

2 H 2 + Oo “ 
H, -t (% 
2A1 + 30 --- 


COo + 96 960 cals. 
2 H 2 O -| 136 800 cals. 
2HC3 + 44 000 cals. 
AloO.j 4 391 500 cals. 
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These are examples in which there are heat evolutions. Sucli 
reactions are said to be ‘'exothermic.” 

Where the chemical change is accompanied by an absorption 
of heat, as for example in the ju’oduction of calcium carbide — 


CaO 3C = CaC’.j j C'O — 108 000 cals. 


the reaction 
reversal of an 
thus — 


3 said to be ‘'endotheiinic*.” Obviously the 
exothermic change must he endothermic, and 


2H.3() ^ + (b— 130 800 cals. 


luirther examples are given in ’’lable XLIl in which the 
\ allies more coiiv'cniently refer to chemically e(juivalent 
quantities and are thereloie more easily comparable. 


T.AHLK XLIi 

thkh.mo-chkmk’al dai a 


1 

(.’alorios jht ( irammo-o(jui\alonl 

A A 1 

Klcinont 1 

j 

1 

With 
( )xygon 

U'itb 

Cliiorino 

1 1 

With 

1 Kluorino 

With 

Sulphur 

MagiK'siuiii . 

1-2 i)0C 

75 50(1 

105 000 

4D 800 

Aluiniiiium . 

()"> 2r^ii 

5.4 400 

1)2 000 

20 740 

Calcium 

()."> 4.')ti 

S4 Don 

lOS 000 

4ti 000 

Silicuu 

Potassium 

of) Clin 
.")0 DIM) 

in5 ono 

1 10 oon 

5 1 850 

Sodium 

41) 1)0(1 

117 700 

101) 700 

44 100 

Zinc 

42 700 

50 000 

(ill 000 

20 (itiO 

Hydrogen 

.44 200 

22 000 

47 (iOO 

Iron 

:u 850 

41 oon 

04 000 

12 800 

Carbon to (’O., 
(’arbon to ('()' 

Load 

24 240 

14 500 

25 150 

41 480 

1 

10 200 

Coj)j)or 

18 580 

1 

42 870 

44 000 

1 

10 150 


A few examples of the application of these tigures may now 

be given. The reduction of copper oxide bv hvdrogen may be 
written thus— 

(’uO : H.> H.,() t Cu 


18 580 cals, represent the energy reciuired to sejiarate the 
copper and oxygen and 34 200 cals, are then forthcoming by 
the combination of hydrogen and oxygen. Tliere is thus an 
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excess of lieat of 34 200 — 18 580 — 15 620 cals, per gramme- 
equivalent. The reaction is exothermic and, once started, pro- 
ceeds with the evolution of energy. It is well known that after 
preliminary warming up, a mass of copper oxide becomes 
self-glowing on passing hydrogen over it. 

Again it may be asked : What are the possibilities of the 
reduction of alumina with carbon ? The thermo-chemical 
ecjuation will be — 

AI.P 3 + 3C = 2A1 + SCO 

391 500 3 X 29 000 

The reaction involves the absor[)tion of — 

(391 500 - 3 X 29 000) = 304 500 cals. 

per 54 gm. aluminium and is thus very endothermic. From 
this it may be assumed that there will be the greatest difficulty 
in effecting the reduction. While it can be effected on the 
small scale by the application of electrical heating which is 
very local and intense, the reduction ic not practicable on any 
scale owing also to the formation of aluminium carbide, other- 
wise such would be the method of extracting aluminium from 
alumina. As is well known, the metal is extracted electro- 
lytically, this providing a much more convenient method of 
applying the necessary energy. 

Similarly, the production of water gas is endothermic and 
the actual production stage of the process is intermittent, the 
mass of carbon being reheated by its partial combustion to COg. 

C + H 2 O = H 2 + CO 

68 400 29 000 = — 39 400 cals. 

per gramme-equation quantities. 

Law of Constant Heat Summation. It can now be noted that 
some reactions may be carried out in more stages than one. 
Thus — 

C + O 2 = CO 2 + 96 960 cals, 
and also C + 0 = CO + 29 000 cals, 

and CO + 0 = + 67 960 cals. 

Whether carried out in one or two stages the total energy 
set free in the conversion of 12 gm. of carbon to COg is the 
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same. The law of constant heat summation as stated by Hess 
is that : ‘‘The heat ])roduction of a cheinical cliange is depend- 
ent upon the original substances and final products and 
inde[)endent of the intermediate stages through which the 
products are formed." 

An interesting point in the combustion of carbon is the fact 
that the first stage is attended by the production of far less 
heat than the second stage. We might or might not be justified 
in calling these equal stages, but it a])pears obvious that the 
smaller heat evolution of the first stage is due to the fact that 
solid carbon is being converted into a gaseous product, while in 
the second stage there is no change of state, without assuming 
that the difference in the two iieat [)roductions exactlv repre- 
sents the latent heat of evaporation of the solid carbon. 

This law of constant heat summation is at once of service in 
the estimation of tlie thermal changes which would attend 
reactions which cannot directly be carried out. Thus it is 
required to know the heat of fcnanation of anhvdrous zinc 

K ft A , . « 


ilous 

route we have 

tlie 

following 


Zn > ZnO 

Hf) 

400 cals. 


S ^ S().j 

103 

000 ,, 

S( ), 

H,S(),A(i 

41 

.MM) ,, 

ZnO 

in H.>S(),A(i -- 


0(M) ,, 



■255 

000 


1 he addition of tiie.se ])ositivc values gives a total of 25;") 000 

cals., representing the formation of a soIxUon of Kil gm. ZnSO 

from its elements. ^ 

fhe last stage of the process, viz., the actual solution of the 
zinc sulphate, can now he got directly. The figure is of the order 
of 10 000 cals., and this value is now deducted from the above 
gross value, leaving the figure of 255 000 10 000 -- ■>;3() 000 

cals repre.senting the heat of formation of anhydrous zinc 
sulphate from Its elements. Another example may also he 
given. It IS. for instance, required to determine tlie heat of 
formation of hydrogen iodide (HI). The coinpound is not 
formed by direct combination. Its value is of a negative 

lO ( r 173 ) ” 
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chaiactei. The value may be deduced from those attaching to 

the displacement of iodine from potassium iodide by chlorine. 
The stages are as follows — 


KI . Aq =: 

KOH + HI . 

Aq — 13 660 cals. 

HI . Aq == 

HI + Aq 

- 19 200 „ 

HI = 

H + I 

X ,, 

H + Cl = 

HCl 

+ 22 000 „ 

HCl + Aq = 

HClAq 

+ 17 300 „ 

HCl . Aq + KOHAq = 

KClAq 

+ 13 740 „ 


Total 

20 180 + cals 

But Cl + KI A(i = KClAq + 

I + 26 210 cals. 

20 180 + 

26 210 



X == 26 210 

- 20 180 


= 6 030 

H -(- I — HI — 6 030 cals. 

Heats of Dilution. Again, the state of dilution affects the 
heat evolution. This is instanced in the accompanying data 
embodied in Tables XLIII and XLIV, showing the thermal 
changes by the addition of sulphuric acid and sodium chloride 
respectively into increasingly larger quantities of water. The 
figures for salt are those anticipated. Those for sulphuric acid 
carry the significance that ])rior to the use of H 2 SO 4 in a reaction 
some energy must be expended in extracting the acid from its 


TABLE XLIII 

HEATS OV DILUTION OF SULPHUKIC ACID 


Dilution 

1 

Cals, Evolved 

f 

HoSO, 

HA) 

0 :i80 

H.,SO, 

2 HA) . 

!) 420 

H^SO, 

H 2 O . 

11 140 

HoSO^ 

2i) HA) 

16 260 

hIso^ 

200 H,0 

1 7 060 

H 2 SO, 

800 HjO 

17 640 

H..SO, 

I 600 H,0 

17 860 
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solution, this energy being greater with tlie dilute than mth 
the stronger acid. This ])oint has an im])ortant bearing on the 
chemistry and electro-chemistry of the lead accumulator, to 
which reference is made in the following cha])ter. 


T.AHLK XLJ\' 

MEATS OF SOIATIOX OF SODIFM CHI.OKIDK 


Solution 1 

4 

Th(*rmrtl Change 

XiiCl ^ 9-2 inols. H.,() 

410 cals. 

I4:i 

.■>00 

.. -F .. 

H40 .. 

• loo 

1 ():io .. 

•c> A 

• • •> ••/ « , , , 

1 070 


Increasing dilution gives no further thermal ciiange. In 
c{>nsidering salt solutions, therefore, it is convenient to express 
them as XaC'l . Acp indicating a state of dilution which lias 
given rise to maximum heat of solution. 

Effect of State. Again, the heat of combustion of hydrogen 
depends upon the physical state of the product, there being a 
larger evolution of heat when the product is in the solid form 
than in the liciuid state, and in the licpiid state than in the 
gaseous state. This is obviously due to tlie latent heats of 
water and steam. 

The relevant figures are as follows- 

; () - H.^O (ire at O'" (’.) (><» 800 cals. 

i 0 H^O (liquid at if (>8 400 cals. 

- H.,() (gas at 100^ C. and 7()(» mm. Hg.) 

50 900 cals. 


H o -f 0 


ddius ()8 400 - 50 900 II AOO .. is x (537 + lOO). 

l.utoiit 
1 1 (tat 


Sciislt)l< 

Uvut 


Agciiii, tlie lieat of coiiibustion of carbon is deiiendent upon 
the pliysical state or allotrojiic form of the element. This is 
illustrated bv the followiny: liimres— 

* O O 

90 9()0 cals. ])ei’ 12 gm. 

. 94 430 

. 94 200 .. 


(diarcoal 
Diamond . 
Draphite . 
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These and similar considerations must therefore be allowed 
for in the very varied conditions accompanying chemical 

Numerous examples are obtainable from relevant sources and 

a large amount of data is available. For the present, however, 

only such figures will be given as required in the development 
of the theme. 

Thermo-chemical Laws. From a mass of data it is natural 
that a number of well-defined laws should emerge. The enu- 
meration of some of these will be of interest. 

1 . Chemical reactions tend to the formation of the greatest 
heat evolution. For example, at one stage in the displacement 
of co])per from the sulphate by means of zinc, there must be 
the choice for the formation of zinc sulpliate or the re-formation 

of copper sulphate. Zinc sulphate has the largest heat formation 
and the thermo-chemical equation is — 

Zn + CuSO^ . Aq = ZnSO^ . Aq -f Cu + 50 150 cals. 

In the displacement of one metal by another the heat 

evolution is independent of the acidic radical. This is readily 

explained in the light of electrolytic dissociation when the 
reaction becomes — 

Zn -f Cu.. + SO 4 = Zn.. SO 4 — + Cu 

Written in this form there is expressed the fact that the 
acidic radical plays no part in the change. 

2 . Neutralization of acid and alkali is a change accompanied 
usually by a constant heat evolution. 

NaOH + HCl = NaCl + H^O -f 13 700 cals. 

KOH + HNO 3 = KNO 3 + H 2 O + 13 700 cals. 

More strictly the formulae in these equations should be 
followed by the exf)ression Aq, to indicate that they represent 
solutions of these substances in excess of water and not the 
solid compounds. 

In the light of the usual conception of dissociation the former 
of these reactions becomes — 

Na. + OH- + H. + Cl- = Na. + Cl- + H.O 

from which it appears that the neutralization process is con- 
sistently concerned with the combination of the hydrogen and 
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hydroxyl ions to form water molecules which are. as has 
already been seen (page 114). dissociated only to the slightest 
degree. 

Incidentally, it may be of interest to add values for other 
examples of Jieutralization. Some are — 

NaOH 4' HF — > 1(5 400 cals. 

XaOH + HCX^ 2 800 

XH4OH + H('l-> 12 270 
XH,()H + H(’X^ 1 800 

trom these values it is apparent that there are deviations 
from the general figure of 18 700 in the cases of either weak 
bases or weak acids. (Jenerally the heat ecpii valent of about 
18 700 cals, obtains in the cases in which the acifls and alkalis 
are very largely dissociated. With the weaker electrolytes, 
however, another factoi’, that of the heats of dissociation, enters 
tlie e(juation and to some extent accounts foi' the fleviations 
from the heat evolutions in the cases of largely dissociated 
sul)stances. 

'rhis deviation in the case of weak acids is due to tlie fact 
that they are only feebly dissociated. Xeutiaiization is there- 
fore a two-stage jwocess : (1) that of ionization, followed, or 
accompanied, by (2) neutralization. I'hus — 

(1) H(’X->H. - (’X 

(2) Xeutralization. 

Xow 

XaOH A(|. ■ HOX . Acj. = Xa(’X . Ai{. -r H^O . 2 800 cals. 

If we regard neutralization as producing a constant aniount 
of heat, viz., 18 700 cals., then- 

18 700— 2 80(» ^ 10 000 cals. 

is (.\ideiitly the amount of heat absorbed in tlu^ dissociation 
of a gram-molecule of H(’X. This is known as the heat of 
ionization and is in this case — 10 1)00 cals. 

8. Thtrmo-neutrality of Salt h which Mix without Precipitation. 
It IS well known that many mixtures of salts may be made 
which are not accompanied by the precipitation of new com- 
pounds. A mixture of potassium chloride and sodium nitrate, 
foi exam[)le, yields, in addition to these compounds, crystals of 
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IS IM ‘“1“ action has taken place, but there 

balanced eaciroter' have 

oft '''' ^VorkDone. Again, the heat evolution 

evolved, and therefore a measure of the work which mus^e 
one in older to restore the system to its original form. By 

fficiencies of operations where a larger amount of energy is 

his ntn 1 n") 1 ?^" originally set free. Examples of 

toiisidei'eT ^ electrolytic decompositions are 

If, for example, the extraction of aluminium is a matter of 

decomposing the oxide without making any use of the heat 

ot evolution of the carbon monoxide formed as shown in the 
tollowing equation — 

AkO, + 3C = 2AI + 3CO 

then It Ls obvious tliat the minimum electrical energv required 
for the liberation of .-it gm. of the metal will be— 

6 X (io 2.50 =-- 391 .500 cals. 

on t*>e formula weight rejiresents 0 gm.-eqs. 

fills hgure can now be converted into kilowatt-hours per ton 
y le o o\\ing simple calculation in which each of the factors 
concerned will be readily recognized and ajipreciated— 


K.VV.H. iier ton A I = X 4-2 x 454 x 2 240 

** A . . ^ A .V — 


")4 X 3 600 X 1 000 


8 600 


If the usual consumption of electrical energy in the com- 

ineicial piocess is set at 25 000 K.W.H/s this represents an 
energy efficiency of — 


8 600 X KM) 
"25()0()’' 


34*4 per cent 


Another interesting case u hich may he referred to is that of 
the thermit mixture, which is jiowerfully exothermic. Taking 
the case of the reduction of oxide of iron for the production of 
small quantities of the liquid metal for welding purposes, the 
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following equation niay he taken to approxiniateiv reuresent 
the reaction — 

Fe ,03 + -iAl - A 1,03 + 2Fe 

() X 31 850 t) X ()5 250 
H)1 loo 501 5(»0 

the Hgures being taken from Table XLII, thus showiim tlie 
reaction to be exotliennic to the extent of 

3!)1 oOO— 19] loo ^ 2()() 400 cals. 

for the gramme-equation quantities. This enormou.s amount 
of heat IS first liberated in the limited ma.ss of products, and 
from their relative masses and specific heats .some computation 
of tbe highest temperature attainable may be deduced. While 
there must be a rajiid lo.ss from so exalted a temperature tbere 
IS. nevertheless, a sufficient amount of heat produced to allow of 

the addition of a fair amount of iron and alloys to give a weldim' 
mixture with the desired properties. ^ 

()ne other ca.se may be referred to. When zinc di.ssolves in 

aci(l. evolving hydrogen, work is done when the gas expands 

agam.st atmospheric pressure and at anv given temperature 
Ihus - • I • 

/u H.SOj /nSO, H., 

gin, -mol. of gas is expres.sed. and l’\’ 1{T = 2 'f cal 

where 'f is the ab.solute temperature. At Iti ('. the enerav 


Ki) = 578 cals. 


ab.sorbed in this formation of gas is 2(27;i loj = 

Deductions from Thermo-chemical Data. Again, a verv lar<m 

number of deductions can .safely be made from the values of 

Heat thermal changes accompanying chemical change A few 
may he uidi(;ated. ^ 

I. The most stable compounds are tho.se in the formation of 

which there has been the greatest heat evolution, and their 

leductioii by elements with lower heat evolutions cannot be 
aiitieipated. 

(generally speaking, fluorides are more stable than chlorides 
and the.se in turn are more stable than oxides. Illustrative of 
this may be cited the fact that aluminium is extracted electro- 
Ivtically from a fu.sed mixture of the fluorides of aluminium 
calcium and sodium containing dissolved alumina, the elec- 
trical conditions being controlled to effect the preferential 
dcc‘om])osition of the oxide. 
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2. Metals giving compounds of high heat formation are those 
which normally might be expected to corrode readily. This will 
be readily seen by a glance at the Table XLII, though con- 
tributory factors will be the nature and adhesion of thin films 
of corrosion products in virtue of which, for example, alu- 
minium preserves its lustre longer than might be anticipated 
from its position in the thermo-chemical list, on account of the 
production of a thin, continuous, adherent and insoluble 
coating of the oxide which has been the cause of so much 
trouble in the early attem])ts at welding, soldering, and 
electro-jfiating of the metal. 

3. Metals, the formation of the salts of which are attended 
by considerable heat evolutions, are not to be expected to 
occur free in nature, while those at the lower end of the list are 
frequently found in the uncombined form. Similarly metals 
at the head of the table involve considerable energy expenditure 
in their extraction, while conversely those at the bottom of the 
table require much less although there may be a large amount 
of work necessary in the handling of their raw materials. It 
will be a])preciated, for example, that from the compounds of 
the noble metals the mere application of heat suffices to liber- 
ate the metal, while in the case of some compounds the action 
of light effects some ty))e of decomj)osition which constitutes 
a first stage in the process of the reduction which takes place 
in the develo])ment of the ])hotographic image. 

4. Taking a broad view of the thermo-chemical properties of 
the metals and their compounds, and having in mind the 
thought that in its earlier history the earth was once at an 
elevated temperature at which no chemical compounds could 
possibly exist, we may be able to arrange the compounds which 
occur in nature in some sort of order in which they were formed, 
and among the first to be formed would be those of the ex- 
tremely active metals like the alkali and alkaline earth metals 
with the most active non-metals as, for example, fluorine. 

5. An elaboration of this list would also indicate the possi- 
bilities of the replacement of metals by others, those usually 
active replacing those usually less active. Such information 
will be of use in the selection of electrolytes for the j)urposes 
of deposition of the metals upon others, and here it is well 
known that there are limitations in the choice and that, for 



THERMO-CHEMISTRV 


147 


exam])le, c*oj)))er cannot be .successfully deposited from the 

sulphate solution uf)on such more active metals as iron and zinc. 

t). Wliile we might be tem[)ted at first to call this the thermo- 

chemical order of the elements or |)ossibly the metals, later 

investigations will show that a much more reliable order will 

be forthcoming from a study of the j)otentials developed by 

these metals when standing in solutions of their salts. This 

order is then known as the electro-chemical .series. That 

deduced from a studv of the theiino-chemistrv of the metallic 

« « 

compounds follows the same order but w ith less precision. Tlie 
fact that many of the ])roperties are depenflent more on the 
ions than on the molecules, and ionization occurs to such vastly 
diffei’ent extents and even along different lines, necessitates a 
rather careful discrimination in placing them in any definite 
order of activity. 



CHAPTER Xri 

THERMO-CHEMISTRY {contd.) 

Introduction. The thermo-chemistry of a number of chemical 
changes whicli can be alternatively achieved electrolytically, 
or which, in their progress, give rise to the liberation of electrical 
energy, can now receive closer attention. 

It might seem that, if some chemical changes can be accom- 
panied with electrical changes, there should be reasonable 
expectation of many others exhibiting similar phenomena. If, 
for example, zinc reacts with a copper sulphate solution in the 
ajiparatus known as the Daniell cell with the evolution of 
energy approximately expressed by the well-known voltage of 
1*09, there might be some chance of realizing the chemical 
activity of the combustion of carbon with the production of 
its ecpii valent amount of energy in the electrical form, and thus 
realize the ideal of the long-looked-for carbon cell. This is a 
subject which has claimed considerable attention and to which 
biief leference will later be made. For the moment, however, 
it must suffice to point out that electrolytic clianges take place 
through the medium of ions, and these must first exist in a 

suitable medium. Some more simj)]e })roblenis may first be 
considered. 

The Daniell Cell. When zinc is put into copper sulphate 
solution there is an observed evolution of heat. The experiment 
done casually may not seem to indicate this, but the calorimeter 
can be called into service and the reaction carried out quanti- 
tatively. Thermo-chemically it is expressed thus — 

/n -)- ( USO 4 • — ZnSO^ . A(| -f- Cn -)- oO loU cals. 

Ihe figui'e is fairly definite and \Nell accepted. The same re- 
action, moreover, can be carried out in the Daniell cell. Assume 
this to have gone on until 60 gm. of zinc have been dissolved 
in the one com})artment of the cell, other substances being 
affected in their equivalent quantities, including the deposition 
of copper to tlie extent of 63*6 gin. in the other compartment. 

Us 
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In the absence of any local action at tlie zinc, tliat is, when 

coulombs have been developed e(juivalent to the amount of 

zinc dissolved, then, according to Faraday's law, there will 

have been the production of 2 x IHi 040 -r HCl OSO coulombs. 

The energy |)roduction of the I'caction can be .■■■tatcd in two 
foi‘ins as follows — 

Electrical 

J^*>ergy Heat 

(A’ X / X / joules) (Calories) 

The product / x t repre.sents the coulombs and the addition 

ot the factor 0-24 brings the joules to calorics. The (piantities 
then become 

A’ X 2 X »() 540 X 0-24 = 50 150 


fi’otti which 1C 


50 150 

2 X 9() 540 X 0-24 


I \'()lts. 


i he ex|>ressioii may be viewed moi‘e geiierally by the lecca'*- 

uition that 50 I50 — 2 rei)resents the heat evolution in calories 

per gramme-e(iuivalenl. while the product of 0(i ,54o and 0 ->4 

both ot the.se Hgures being c-onstant and appro.xirnate o.dv 
may be taken as 

1'he general ex|nession then l)ecomes 

glories per gramme-eciuivalent 

and this very simple formula, originally due to d’homson is 
applicable for the calculation of the ajipro.ximate e.in.f.'s de- 
veloped by, or re(|uired in, the processes of chemical reactions 
for the moment it must be admitted that it <loes not take intii 
account every posable factor, as it is well known that the e.m.f 
of a Danicll cell for example, is slightly dependent upon the 
loncentiatioiis of the electrolytes and also upon the teinpera- 
uic o the cell, Imt the expression will constitute an intro- 

PMP i"<lnenccs later. 

E.M.F. Required to Effect Chemical Decomposition. The two 

following eipiations exjire.ss reactions of considerable interest— 

^ ^ Hio cals. 

yuO ^ H.d) - issoiic-als. 

Copper is readily oxidized to CuO with the heat evolution 
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indicated. The oxide dissolves in dilute sulphuric acid, giving 
an aqueous solution of copper sulphate. Expressing the two 
reactions together we have — 

Cu -f 0 + H 2 SO 4 . Aq = CUSO 4 • -*^0 

+ HjO (37 160 + 18 800 = 55 960 cals.) 

When copper sulphate solution is electrolyzed wdth an in- 
soluble anode, the reverse reaction takes place thus — 

CUSO 4 . Aq + H 2 O = Cu + 0 + H 2 SO 4 . Aq - 55 960 cals. 
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FlO. 32. E/I Cl ItVKS WITH Chkmical Dkcompositiov 


This action is endothermic, that is, 


if carried out electro- 


lytically will involve a minimum consumption of electrical 
energy equivalent to 55 960 cals. The equation expresses 
definite quantities of substances, in this case 2 gm.-eqs. The 
energy requirement per gramme-equivalent is therefore 
55 960 -i- 2 = 27 980 cals., and this divided by 23 100 at once 
gives 1*21 volts as the e.m.f. required to effect the decomposition 
of copper sulphate solution with an insoluble anode. 

This result finds its general confirmation by taking a number 
of P.D. and current readings during tlie course of such an 
experiment. Fig, 32 shows the results obtained with both a 
copper (or soluble) anode and a platinum (or insoluble) anode. 
For this f)urpose we will select j)latinum. as with some other 
insoluble anodes, lead for example, secondary effects such as 
the peroxidation of the metal would introduce complications. 
With the copper anode tlie curve finds its origin at the zero. 
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while the curv^e with the insoluble anode definitely gives a 
reading indicating that a minimum e.m.f. of 1*21 volts is 
required to i)roduce a maintained current. The following 
figures (Table XL\ ) are tiiose derived from such an ex|)eriment. 


TABLE XLV 

SOJ.CBLE AXD INSOLUBLE ANODES 


Copper Anode 

I 


h: 

1 

1 

1 

% 

1 

I 

1 

1 

1 

A’ 

Volta i 

Amps. 

! Ohms. 

t 

0-8 

1-0 

0-80 

2- 1 

Ilf) : 

I") i 

0-70 

2-4.") 

1-5 

2-0 1 

0-75 

2-80 

L9 

o.n ' 

0-7() ' 

3-25 

- •» t 

30 , 

0-77 

3-0.) 

31 

40 

1 

1 

0-77 

r 

4-3.") 


Platinum Anode 


/ 

i 

a; 

j 7 

1 

: A' r 

/(* 

> A’ f 

/ 

1 -0 

: 2jr) i 

0-!l 

0-040 

1 

i-(i3 

1-2 

0-820 

2-() 

1-40 

I ■“)"> 

0-70.') 

2-7) i 

1-30 ' 

2-0 

0-810 

3 0 

1-22 , 

2-4 

0-813 

4 i) 

loo 

3 1 

o-78r) 


These figures are ai)proximate only, being intended to illus- 
trate one type of |)()Iarization, viz., that due to cliemical de- 
composition and tlierefore called clienucal ])olaiization In tlie 
same experiment it would he difficult to entirely eliminate 
concentration polarization, but in tlii.s ca.se it will not be 
prominent ami has therefore been omitted. From the ti<mres 
and diagram it is apparent that for the iiroduction of any 
current or current density an increased e.m.f. is reiniired with 

anode, fins difference is constant. While reading with very 
small currents might not be made with ease, the “ciiryes” 
straight hues in each ca.se-Ohnds law being a proportional 
au) can be extmpolated, in the ira.se of the copper anode to 
the zdo jxmit of both current and e.m.f.. and with platinum 

little oi no current is ,, reduced ami above which current is now 
i)roduced [)ioportionally with the added e.m.f. 

laiter it will be uece.ssary to add a note of refinement to 

hese curves when other factors of a minor character have to 
be considered (see jiage I8(i). 
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In much the same way many other electro-chemical reactions 
can be dealt with giving, apparently, a good agreement of the 
therino-cliemical data with that obtained electro-chemicallv. 
1 o take another case, that of the lead accumulator, we have the 
generally acce))ted values for the different compounds inserted 
in the equation representing the sum of the chemical changes 
taking place during discharge — 

PbO^ + Pb -f 2H2SO4 - 2PbS04 + 2H2O 
02 400 2(192 000) 2(216 000) + 2(68 400) 


This makes the reaction exothermic to the extent of 122 400 
cals, per gm. -equation (~ 2 grn.-eq.) quantities, with an 
equivalent e.m.f. develo])ed of — 

122 400 
^ X 23 1 00 ^ 


The unusually high figure is accounted for by the fact that 
the thermo-chemical value for sulphuric acid is that of the 
anhydrous compound. In the accumulator, however, we are 
dealing with a relatively dilute solution, and an amount of 
energy equivalent to the heat of hydration is inquired to first 


extract the acid from its dilute solution. This is of the order 
of 18 000 cals. j)er gm,-mol. The total lieat evolution is there- 
fore 122 400 ~ 2(18 000) = 86 400 cals, corresponding to a 

86 400 

calculated e.m.f. of ~ 1*^' volts, a more usual 

a 2 X 23 100 

ngfure. 


It is of course well known that the e.m.f. of the accumulator 
is a function of the acid concentration, for which approximate 
empirical formulae have been devised. Illustrative, too, of the 
))henomenon is the fact that with two accumulators put ‘’back 
to back,” the one with the weaker acid will be charged at the 
expense of that made uj) with the stronger acid until, theoreti- 
cally, the acid content of both is tlie same. 

Upon the basis of this simple and approximate princi})le it 
becomes possible to calculate the e.m.f. required for the 
electrolytic decomposition of numerous compounds using the 
simple formula — 

Heat evolution (cals, per grn.-eq.) 

L.M.r. — 


23 100 



THERMO-CHEMISTRY 


153 


A number of such values are tiiveii in Table XLVl. 


TAJ^LE XLVl 


CALCULATED MINLMUM E.xM.F.’s FOR DECOMPOSITION 

OF COMPOUNDS 



Oxides 

I 

! 

t'lilorules 

1 

1 

\ 

1 

i Fltionde.s 

1 

! 

.Magnesium 

317 

3-28 

1 

i 4-5S 

.Aluminium 

2-83 

2-32 

1 400 

Calcium 

2-Hr> 

3d)<J 

1 4-70 

Potassium 

2 17 

4 00 

4-80 

Sodium 

217 

4 24 

4-78 

Zinc 

l-8(> 

2-17 

3 UO 

Hydrogen . 

I -14 

O-JIO 

1-03 

Copper 

0*8i 

1-43 j 

102 


lu’om these values it is readily appreciated that in such a 
inixtui’e as the “melt of an aluminium furnace, for exampKc 
only one of tiie constituents may l)e decomj)osed with a con- 
trolled e.m.f. 1 his “melt' usually contains the tluoiides of 
aluminium, calcium and sodium constituting the solvent, in 
which the chemically purified alumina is dissolv(*d. B\' the 
action of the current the alumina is juefei'entially decom|)osed, 

the loss being made good |)eriodically l)y the addition of furthei 
quantities of pure alumina. 

Total and Free Energy. 1’his interesting subject has been 
taken thus far to illustrate an important, though only approxi- 
mate. princi])le, and it now^ becomes necessarv to examine the 
problem with greater detail to ol)serve not onlv slight deviations 
but m some cases striking disagreements, ami hence to neces- 
sitate a more exact theoretical conception of the iiroblem 
involved. Revert to the case of the Daniell cell. The thermo- 
chemistry of the chemical reaction is definitelv obtained bv 
calorimetric methods. The figure is 25 075 cals, per gm.-eq 

*\o\\ the e.m.f. jiroduced by the cell is separatelv aiid verv 
exactly (letermmable, and is I-OOO volts, which ligure is con 
verted into its heat etjuivalent bv multiplvimr bv 23 lOO and 
thus be«.,ne,s 2.> ;52(. cal.s. This figure is ricfinitely in excess of 
that oi, tamed thermo-cliemically. More energy i.s evolved in 
he elcctr,«d form than is accounted for l,y the chemical 
itaction. I he ditterence is small hut it is there. The Daniell 
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cell has the power of extracting heat from its surroundings and 
converting it into electrical energy. The cell cools in operation. 

Take next the lead storage cell. With acid of the strength of 
H2SO4 : 20H2O and at 17° C. the accurately measured e.m.f. 
is 2*()1 volts, while the thermo-chemical value is 87 200 cals. 
j)er gramme-equation quantities. The thermal equivalent of 
the observed e.m.f. is therefore — 

2-01 X 2 X 23 100 = 92 860 cals. 

This is again in excess of the chemically observed value, 
and again the accumulator takes up heat from its surround- 
ings and converts it into electrical energy. In other words the 
cell cools during discharge. This cooling effect is not bound 
to be observed on account of the heat formed by the electrical 
resistance of the solution, but it is definitely proved by the 
principles outlined and apjilied. A still more striking case is 
that of the Clark cell, a usual type of “standard” cell used in 
potentiometry (page 163). Its essential constituents are zinc, 
mercurous sulphate and mercury, the chemical change involved 
being — 

Zn + Hg2S04 = ZnS04 -f- 2Hg + 81 320 cals. 

The e.m.f. of the cell is 1*429 volts corresponding to a heat 
value of 1*429 x 2 x 23 100 = 66 320 cals. Here the electrical 
output of energy is far less than is anticipated. The remainder 
of the chemical energy is evolved as heat, warming uj) the cell 
in action and at the same time varying its e.m.f. It is well 
understood that the cell is used for such purposes as potentio- 
metric work which do not involve the production of current. 

From this last example, as with others, it becomes obvious 
that the whole of the energy of a chemical reaction is not 
necessarily convertible into the electrical form. We should dis- 
tinguish between the total energy available and that converted 
into other and externally usable form. The terms total and 
free energy are sufficiently explicit. Represent these by the 
symbols U and E respectively and their difference, that is, the 
energy not converted into the electrical form q. We have the 
simple relation — 

U = E + q 

If q has a j)ositive value then the cell warms while with a 
negative value the cell cools, heat being extracted from the 
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surroundings and converted into electrical energy. It will be 
well to call this “reversible heat’’ and it will be recognized that 
this is ])roportional to the current produced. In cases in which 
q has a negative value it may be counteracted by heat developed 
through the ohmic resistance of the electrolyte and which heat, 
as is well known, is proportional to the square of the current. 

Voltaic Cells. The subject of voltaic cells calls for some 
consideration in a treati.se on electro-chem- 
istry. It was with the advent of the nine- 
teenth century that electric current was first 
generated from a combination of metals and 
those li((uids which afterwards came to be 
called electrolytes. In the earliest form or 
II olla.ston cell the combination consisted of 
|)lates of zinc and co])per immersed in a solu- 
tion of sulj)huric acid, in this and all other 
cells fundamental ])rinci])les are independent 
of the shape or size of the component parts. 

They de])end entirely uiiou the chemical, and 
in a small measure the physical, characteri.stics of the chemical 
sub.stances of which they are coirstructed. This simple cell is 
de|)icted in Fig. ;53, w hich shows the direction of the current 
generated in the conventional manner. In course of action zinc 
ionizes, displacing hydrogen ions which are dLscharged at the 
copper plate. 'Ibis is the action with pure zinc. If. however, 
impure zinc is used, hydrogen is also lilierated at the zinc |)late. 
'I'his repre.sents solution of zinc without the production of an 
equiv'alent amount of electricity. .More strictly we should say 
that small electrical currents are .set uj) between the zinc anil 
the impurities e.vposed on its surface. These numerous small 
currents are dissipated as heat in the solution near to the zinc, 
and do not contribute to the main current which is available 
for use e.xternally. The ])henomeuon is called “local action.” 
\V ith inqiurc zinc the difficulty is overcome by the amalgamation 
of the zinc which then acts as a imre metal, 'fliis beneficial action 

must later be accounted for (see jiage li»2). The chemical action 
IS rcfiresented thus— 

-- === ZnSOj + 

'or many years this simple type of voltaic cell was the only 
one available. It was .set up in various forms of which the 
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example, the acid may be replaced by zinc sulphate which, 
even with its somewhat higher resistance, is steady in its action 
over long periods. On the copper side, the sulphate may be 
replaced by other solutions containing copper ions such as 
copper nitrate, chloride or acetate. 

These variations of construction with different solutions 
might reasonably have been deduced from an elementary 
knowledge of chemical reactions taking place between ions 
rather than between molecules. 

Zinc metal and co])per ions thus appear to be the essential 
com|)onents, and the two essential reactions are — 

(1) the ])assage of the metal zinc into the ionic form, and 

(2) the i)assage of copper ions into the metallic form. 

It will later be necessarv to consider these actions in an 
endeavour to trace the origin of the e.m.f. developed. 

Other Cells. iMany other t\q)es of cells were in due course 
developed. The (h'ove cell introduced a platinum plate in strong 
nitric acid in place of the copper and its salt in the Daniell cell. 
In this case the ionic hydrogen effected the reduction of the 
acid as follows — 

2H + 2HN()3 - 2 H 2 O + 2 NO 2 

Nitrogen peroxide, a brown gas, is evolved, some dissolving 
in the acid forming a greenish blue solution. This is obviously 
a case in which the essential materials, zinc and nitric acid, 
could not be allowed to come into direct contact, otherwise a 
vigorous chemical action on the zinc would considerably de- 
preciate the efficiency of tlie cell. Bunsen produced a cheaper 
form by the substitution of a block or rod of gas carbon in 
j)lace of the platinum. This cell was at one time largely used 
for many examples of electrodeposition even after the advent 
of the dynamo. 

In the “bichromate” cell, potassium dichromate (KgCigOy) 
provides the oxidizing agent. The dichromate, ho\\ever, can 
1)6 introduced into the acid in contact with the zinc, thus 
eliminating the use of a porous pot. The s])ecial chemical action 
is as follows — 

3Zn + = 3Zn804 + (iH 


hH + + r>H.,S(), 

(red) 


Cr,(SOj3 


•2KHSO4 + "H^O 
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This action is ev'idenced by the change of colour from the 
red dichromate to the green chromium suljiliate. In the 
Leclanche cell a carbon rod is surrounded by manganese 
dioxide as the ‘‘depolarizer.” This solid oxidizing agent, how- 
ever, acts more slowly than one in solution. Hence the use of 

this cell for intermittent work in, for example, electric bell 
circuits. 

Many other types of cells have been introduced. These, 
however, will suffice to demonstrate the fundamental [)rinci})les. 



Action at a Distance. In connection with the coii.stitution of 
voltaic cells the following problem may ai)prui)riately be con- 
sidered. In Fig. :5.5 two beakers A and B are tilled with a 
solution of ]K)tassium sulphate and connected together by aii 
inverted U-tube containing the .same .solution. M contains a 
zinc plate and the j)late in B is of platinum. Across the two 
plates is some form of current indicator or voltmeter. There 
is no indication of e.m.f. or current. For zinc to di.s.solve in A, 
tliat is to form zinc ions, there mu.st be the replacement of an’ 
eipiivalent (luantity of .some ion at the i)late in B. Hydrogen 
or co|)i)er would provide suitable replaceable ions, and this 
involves adding sulphuric acid or cojiper sulphate into the 
])otassium sulphate solution, not, however, in A with the zine 
but in B away from the zinc. Put in A. the acid or copper 
.sulphate would yield hydrogen or copper, but without the pro- 
duction of electrical energy, the zinc di.ssolving by what is 
usually regarded as a purely chemical process with the liberation 
of Its energy in the form of heat. This solution is what is com- 
iiioidy called local action,” that is, the .solution of zinc without 
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the conversion of its chemical energy into the available elec- 
trical form. Put into B, the acid or copper sulphate provides 
hydrogen or copper ions which can now pass out at the platinum 
plate witli the production of an e.m.f. or, in other words, an 
equivalent amount of electrical energy. After the same manner, 
the nitric acid in the Grove or Bunsen cell is separated from the 
zinc, as also is the copper suljihate in the Daniell cell. In any 
voltai(! cell using zinc as the soluble metal there is this separa- 
tion of the reacting materials, so that the electrical effects are 
the result of the formation and replacement of ions at the 
()f)})osite electrodes. Hydrogen evolved at the zinc [)late 
represents wasteful solution of the zinc without equivalent 
[)roduction of electrical energy, while zinc dissolving with the 
replacement of ions at the opposite electrode represents the 
ionization of zinc with the j)roduction of electrical energy which 
is the aim of the usual ty[>e of voltaic cell. 



CHAPTER XIII 


Er.E(’TK()nE POTENTIALS 

Comparison of E.M.F.’s. Potentiometry. In I^'ig. 3<i AB repre- 
sents a high resistance wire of uniform cross-section and there- 
fore of uniform resistance. It may conveniently l)e of tiie order 
of loo cm. long and mounted over a metre scale. Across it a 
P.l)., such as that obtained from a single accumulator 1), is 
ap|)lied througli a key A', producing a small current in the wire 
along which there is, on account of the uniform resistance, a uni- 

D 
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form fall of potential. The P.l). acnm one length of. .say. 1 0 cm. 
will he the same as that across any other |)ortion of K) cm. 

Any other cell C is now connected as shown with its positive 
terminal joined with the positive terminal of the accinmdator 
at the end ])oint of the wire A. From the other electrode 
attach .some type of sensitive current indicator I, a galvano- 
mctei foi e.xample, with a loo.se end, which is now moved 
along the potentiometer wire until a ])oint is found at which, 
with contact, no current is observed in the galvanometer and 
hence in the .second circuit. Call this point X. The fall of 
potential along AX is a measure of the e.m.f. of the cell C. At 
a ijoint T, so that A Y is le.ss than ^ A', current in the direction 
iiKlicated will be .seen in the second circuit, while at another 

pouit /, so that AZ is greater than AX, current will be observed 
m the second circuit in the opposite diiection. 

-lA thus becomes a measure of the e.m.f. of the cell. By 

Kil 
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the arrangement shown, however, we have no idea of the 
exact fall of i)otential along the whole of the wire, and therefore 
also of the part AX. To meet this need a similar circuit intro- 
ducing a standard cell with a definite and known e.m.f. is 
ap|)lied to the |)otentiometer wire. 

This method of compariiig e.m.f.'s and, where some standard 
of e.m.f. is available, for determining absolute values is termed 
])otentiometry. It has a very large apjjlication in electro- 
chemical work. In the simple type rej)resented in Fig. 36 and 
(‘ornprising a straight length of wire there is the need for 
absolute uniformity in the section of the wire, so that the fall 
of |)otential shall be uniform. Moreover, it needs calibration or 
standardization, and this is done with a standard cell. Ihus 
after applying a standard cell the wire coidd be calibrated in 
terms of fall of potential, but this (juantity is conveniently 

expressed in terms of length. 

More accurate ty])es of potentiometer make use of the wire 
in a spiral form with much more accurate methods of making 
tlie contacts in tinding the neutral ]K)int. Wire and sliding 
(•oiitacts arc then suitably mounted on a box and the indicatoi 
convenient Iv arranged with substantial terminals foi making 
the contacts with the external part of the system. Again, 
however, we are more concerned with the results obtained by 
the accui’ate application of the principles of potentiometry 
than the more practical details of the ])rocess. there may be 
occasions for the determination of the e.m.f. s of cells in which, 
not only the magnitude, but also its direction are unknoun. At 
first it is impossible to guarantee that the cell is connected 
up in the right manner, but this is soon revealed by the defiec- 
tions on the instrument. If, as must be the case, the fall o 
potential along the wire is greater than that to be measured, 
then deflections of the instrument needle all in one directum, 
without any indication of a neutral point, show that the 
unknown cell is incorrectly connected. Reversal of the con- 
nections will then secure the required neutral ])oint. 

Furthei*, when very small differences of ])otential are to be 
measured the neutral' point will be found near to the end of the 
])otentiometer wire so that one measurement is very small and 
the other large. Small errors on this small measurement aie 
then magnified to a i)oint of inadmissible inaccuracy. J he 
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difficulty is sui’inounted by introducing into the circuit a 
standard cell which considerably augments the small IM). 
to be measured. This brings the neutral |)oint within tlie 
range of accurate measurement on tlie wire with increased 
accuracy in the result. 

Standard Cells. These are voltaic ceils set up in convenient 
form and with standard materials to give definite e.m.f.’s 
under given conditions, esj)eeiallv 
that of tem])erature. Two examj)les 
may be mentioned. 

1. The Weston cell (-omjjrises 
a cadmium or cadmium amalgam 
electrode in a sat mated solution of 
cadmium suii)hate. and a mercury 
electrode in a saturated solution of 
mercurous sidj)hate. Tig. 37 shows 
the combination, and also its appear- 
ance in a foi*m in w Inch it is usually 

ft 

set up. and which is ca]>ai)le of ordin 
ary use without fear of breakage or 
detraction fiom its accurate e.m.f. 
standard. At 1 t the value of the 
Weston cell is l-OUi volts. 

2. ddie C'lark cell comprises a zinc 
electrode in a satui’ated solution of 
its sulphate, and again with a mercury 

electrode in a solution of mercurous sulphate. Its e.m.f. at 1 5° V. 
is 1-421) volts. Ihjthof these ceils have temperature coefhcients 
whic[» must be a])plied in exam|>les of more accurate work. That 
of the Weston cell is. however, very small. 

Essential to the use of these standard cells are the lecjuire- 
nients that their composition must remain unchanged, and the 
addition of crystals of the two electrolyte substances is usually 
made in order to guarantee the saturation of the electrolyte in 
(•(jntact with the electrodes. 

in use, the cells only give current, and that very small, for 
the very brief periods involved in making contact with the 
potentiometer wire. As has been pointed out, the ('lark cell 
in ])articular must not be allowed to produce appreciable 
current on a(;count of its abnormal heatim^ (‘fleet. 
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In making a potentiometer test assume the use of a Weston 
standard cell with its reading on the potentiometer wire of 
55 cm., while that of the cell under test, say, for example, a 
Daniell cell, to be 59*3 cm. 


Hence 


K of Daniell cell 59*3 
E of Weston cell 55*6 


59*3 

Hence e.m.f. of Daniell cell = -- X l-OHi = 1*095 volts. 

o5*0 

Much more elaborate forms of apparatus may be and are 
used. Accuracy in determinations involves many avenues 
of care, but we are here more concerned with the principle of 
the method employed and the results obtained, rather than a 
detailed discussion of the steps taken to ensure the greatest 

accuracv. 

Such, then, is the potentiometric method of (1) comparing 
e.m.f. ’s of cells and (2) measuring e.m.f. ’s if a standard cell is 
available. At the point when the final reading is taken no 
current is ])assing. We thus get the full e.m.f. on open circuit, 
while any voltmeter reading, however high the resistance of 
the instrument, will give a somewhat and unknown lower 
reading owing to the jmssage of the current, however small this 
may be. 

Analysis of E.M.F. Revert again to the Daniell cell. It 
develops approximately 1*09 volts with the variations which 
have been already indicated, these being concerned with the 
concentration of the electrolytes, the temperature, and the 
reversible heat. 

It must now be recognized that there must be some origin 
to this e.m.f. It must somewhere have one or more sources 
which should be traced. If more than one source, the magni- 
tudes of the several sources should be determinable. 

In the Daniell cell there appear to be three boundaries at 
which differences of potential might occur. These are: (1) 
the zinc plate, (2) the copper plate, and (3) the junction of the 
two solutions. There might be small thermo-electric e.m.f. s 
set up with varying temperature at the contacts be- 
tween the plates and the connecting wires, but these will be 
omitted as not constituting a part of the electro-chemical 
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system. Again, for the moment, the possibility of a small 
P.D. at the contact of the two liquids will be omitted, and 
attention confined to what are obviouslv the two most im- 
yiortant points, the contacts of the plates with their respective 
electrolytes. What are the possibilities here and how can they 
be explored { 

This conclusion that these are the two ])t)sitious that count 
in the problem is reached by simplifying the usual chemi<!al 
ecjuation— 

Zn + (luSO^ -- ZnSOj -f ('u 
Wh itten ionically, the ecpiation liecomes — 


Zn 4 (’u.. + SOj 


ZiL. ^ SO, + (’u 


and the two com])onents of the reaction art' — 

(a) 'fhc conversion of metallic into ionic zinc, and (h) the 
conversion of ionic copper into the metallic form. 

Electrolytic Solution Pressure. During the leaction zinc 

‘‘dissolves,” that is. pi-oduces ions. This might give rise to a 
P.J). If the electrolyte is zinc sulphate there is already an 
“atmosphere” of zinc ions in the solution. Attribute to the 
zinc some tendency to “evaporate” off into the ionic form. 
This conception is due to Nernst. Call this its “electrolytic 
solution pressure.” Again, attribute to the zinc ions already 
in solution a “vapour ])ressure.” This has been called osmotic 
})ressure, not altogether a good term, as the plienomena of 
osmosis are confined to the reactions taking place at a semi- 
])ermeable dia])hragm. The term ionic ])ressure will be cleai’ 
if not an exactly true expression. Denote the electrolytic 
solutit)!! pressure by i* and the ioni<* ]nessure as p. 

Three cases then arise— 

1. If P > p, metal will tend to pass into the ionic form, and 
as the ions are positively charged the metal plate will become 
negatively charged. As will be subsequently seen, zinc behaves 
in this manner and the P.D. between the metal and the solution 
of some specified ionic strength will be determinable. 

2. If 7^ <4 p, ions will tend to j)ass Iroiii the solution forming 
neutral metal, the metal ])late thus becoming ])o.sitivelv charged. 
As will 1 >e seen later this ])henomen()n occurs with copper in a 
solution of co])per snl|)hate. 
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3. If P = p, then there will be no P.D. between the plate and 
electrol 5 i}e, a condition which may not happen casually with 
any ordinary metal, but which can certainly be realized under 
controlled conditions. 


The case is somew'hat, but not exactly, comparable with 
that of the solution of a salt. Salt passes into water, there 
ionizing and forming sodium and chlorine ions. The process 
of solution continues until the osmotic ])ressure of the ions 

and molecules attains that of the tendency of 



the solid molecules to pass into solution. A 
condition of equilibrium is reached with excess 
of the solid representing saturation. The for- 
mation of sodium ions which are positively 
charged is accompanied by the formation of 
an equivalent number of negatively charged 
chlorine ions, and there is thus an electrical 
equilibrium. 

If, however, a metal stands in a solution of 
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one of its salts, that is, in a solution of its own 
ions, the metal may tend to pass into solution 


with the formation of new ions which are posi- 


tively charged. There is, however, no accompanying jn*oduction 
of negative ions, and negative charges are therefore accumulated 
on the metal electrode. Only an exceedingly small amount of 
this ionic material, far below analytical quantities, will thus 
pass into solution, as this leads to the accumulation of positive 
charges in the film of electrolyte in contact with the metal 
plate and negative charges on the metal electrode. This so- 
called “double layer” provides the measurable difference of 
potential without any appreciable [)assage of the metal into 
solution (Fig. 38). Conversely otlier metals may tend to pass 
from the ionic into the molecular or solid form, and if this 


occui's, even to the slightest degree, tliere will be the accumula- 
tion of positive charges on the metal with a layer of negative 
charges on the film of electrolyte adjacent to it. 

Before proceeding with this matter quantitatively it will 
become necessary to adopt some methods of measurement 
and standards of expression. For the moment, however, it 
will be appreciated that the e.m.f. of the Daniell cell is possibly 
the sum of these two reactions at the zinc and copper plates. 
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Electrode Potentials. This term is used to signify the differ- 
ence of potential between a metal and the solution in which it 
stands. Two of these electrode potentials, or ‘‘single ” jadentials 
as they are sometimes called, contribute to the e.m.f. of the 
Daniell cell, and also to many other examples of electro- 
chemical cells. It is reciuired to determine these individual 
electrode potentials. 

A glance at the problem will at once indicate that the value 

of any single potential is not to be obtained by a mere study 

of the e.m.f.'s of cells. All voltaic cells coinpiisc two of these 

electrodes, and no amount of vaiietv in their combinations 

% 

will serve to give the exact value of a single oiu*. 

o o 

It will be recalled that in the measurement of (Mii.f. some 
type of standard cell of detiniti^ and know n e.m.f. is i'e(|uiied. 
Unknown e.m.f.’s can be compart'd with tlntse of the standard 
cells and thus determined. 

Measurement of Single Potentials, Uoming now to the 

measurement of electi’ode potentials. w(' are concerned with a 

single metal in, for example, a solution of one oi' its salts. It 

is now customaiy to call these single ('lectrodes l)y the expi'es- 

sive term of ‘ half-cells," as any electro-cln'mical ct'll com- 

])rises tw'o such electrodes. It will Ix' obvious that foi’ this 

I)urpose we sliall retjuire something in the nature of a standard 

electrode, one w Inch can piefeiahly be made up easily and w ith 

accurac'V and of w hich the value is delinitelv known. 

* • 

Standard Electrodes, Tlieie are several standard electrodes 
in common use. each w ith its own paiTicular value. In contrast 
with standard cells, standard electr'odes arc usualU' made up 
iiorn time to time by the experimenter-. The glass parts are 
purchasaljle, but the actual chemical materials are usuallv 
introduced just prior to any series of exi)erinierits. Essential 
to accurate work, therefore, is the readv realization of standard 

ft 

conditions in the materials used and their application. This 
point will he obvious irt the brief de.scriptions of the standard 
half-cells which follow . 

Calomel Electrode or Half-cell, ^J'he constitution of this 

ele(*ti-odc is shown in Fig. ;b». Mercui*y. with whicli electrical 
< ()ntact is established by means of a platinum wire sealed in a 
glass tube, stands in contact with a solution of mercurous 
chloride (calomel) in a potassium chloride .solution. Mercurous 
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chloride is, in any case, only very slightly soluble, and the 
introduction of some of the solid in the recently precipitated 
and washed form serves to maintain saturation and hence 
constant concentration of mercurous ions. To bring this 
electrode in contact with any other electrode of a different 
constitution requires a metallic contact with the mercury 
through the glass tube, which contains a small quantity of 
mercury into which the connecting copper wire dips, and on the 

solution side contact is estab- 
lished with any other convenient 
liquid by gently blowing the solu- 
tion to fill the side limb. The 
electrode is easily set up, and to 
ensure constant concentration of 
the mercurous ions a standard 
solution of potassium chloride is 
necessary. This is usually of nor- 
mal strength. The electrode thus 
(constituted is known as the 
“normal calomel electrode.” In 
this system there is the inherent 
tendency for the mercurous ions 
to precipitate themselves on to 
the mercury electrode, thus giving 
it a positive charge. In this re- 
spect it behaves like copper. 

What next is the value of this electrode and how has it been 
obtained ? 

If this electrode could be put against any other electrode of 
which we can be sure that there is no potential difference, then 
the e.m.f. of the combination will be the P.D. of the calomel 
electrode both in magnitude and direction. 

For the moment we will omit the construction of such a 
‘ no difference of potential electrode.” Assume that it has been 
achieved and that with it the value of the normal calomel 
electrode has been determined to be 0*56 volt with the mercury 
y)ositive and the solution negative. The determination of this 
value must later claim our attention. 

The calomel electrode is then connected with an electrode 
of zinc standing in a normal solution of zinc sulj)hate. This 
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combination of two electrodes constitutes a voltaic cell of 
which the e.m.f. can be determined by means of the potentio- 
meter and standard cell. The value thus determined is 1*04 
volts, with zinc showing the tendency to pass into the ionic form. 
Diagrammatically, we have the combination of the two elec- 
trodes shown in Fig. 40, and from the data it will be seen tliat 
the P.l). value of the zinc electrode is 1*04 — = 0-48 volt. 

If the zinc electrode is replaced by one of copper in a normal 
solution of copper sulj>hate the de- 
termined e.m.f. of the combination is 
only 0*0.") volt ill such direction that 
the co]>per ions are tending to come 
out. But before this can happen it 

is necessary that mercury shall be 

• 

lirought int(.) the ionic form from the 
metal in the calomel electrode. 4'he 
tendency of copper ions to come out 
is therefore e(jual first to the require- 
ment of bringing mei'cuiy into the 
ionic form — this necessitating o-oti volt - after which o-o.“» volt 
still remains unabsiu'bed. The single potential of the coppei- 
in the normal sulphate solution is u-on u-()r> = oail volt, 
copper ions tending to be deposited. Many other values can 
be similarly determined, and the following list (4'able XLVJl) 
shows the once commonly a(*ce|)ted values for the different 
electrodes, d'hese metals are usually standing in noiinal solu- 
tions of their salts, this being the system at first adopted. 



Nm 


Kk;. 40. ZiN( AM) 

( ’AI.OMKI, Ki.KC'J’KODK.S 


.Majinesium 

Zinc 

Iron 

( 'aditiitini 


TAHl.K XJAII 


SiXCil.K POTKNTIAl.S 


1-27 volt 
0-4S 
O-lo 
0 12 


Nickel 
Leail 
J in 

Hy<lrog(‘n 

Chopper 


f 0-06 volt 
+ 0-lG 

♦ 0-lS 
0-28 .. 

- 0'()1 , 


The signs of these potentials must now be carefullv con- 
sidered. It a metal tends to pass into the ionic form, thus 
leaving the metal i)late negatively charged, the IM). is said to 
be negative. M'his is the case witii zinc and similar chemically 
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active metals. If the ions tend to deposit out and thus impart 
their positive charge to the electrode, the P.D. is said to be 
(lositive. This occurs in the cases, among others, of copper and 
mercury. Now in an electrolytic solution, metal ions move in 
one direction only, and thus the sum total of the action is the 
algebraic difference of the two individual single potentials. 
Thus in the case of the Daniell cell the combination is as 
follows — 

(Zn) (Cu) 

— 0-48 — {-[- 0*61) = — 1*09 volts 

in the direction of zinc passing into solution while copper ions 
come out in the metallic form. 

Similarly a cell constructed with an electrode of cadmium in 
its normal sulphate and one of platinum in normal sulphuric 
acid will have the value of 

— 0*12 — (+ 0*28) = — 0*40 volt 

that is. in the direction of the cadmium dissolving and hydrogen 
being de})osited in much the same way as in the simple cell. 

Later, the positive or negative value of the single potential 
of any electrode will be readily ap[)arent. 

Electro-chemical Series. From Table XLVII the metals 

carrying the negative sign will be readily recognized as those 
which are familiar to the chemist as the active metals, 
while those carrying the positive sign are those usually 
regarded as relatively inactive. Further, the usual chemical 
properties of these metals and their com])ounds would place 
them in the same order as that obtained from a study of their 
single ])otentials. This order of the metals has long been known 
as the electro-chemical series, though commonly based on 
properties which do not at first appear to be electro-chemical. 
Years ago the more active metals were said to be positive, the 
term negative then signifying the less active. Since the recog- 
nition of these more definite electro-chemical ])ro])erties as. 
for example, the single potentials, these terms have been 
reasonably reversed. Some confusion existed during a short 
})eriod of transition from one system to the other, but this has 
now passed and the present form finds general acceptance. The 
negative metals are those which chemically are very active, 
readily dissolving in acids and evolving hydrogen (though not, 
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of course, from nitric acid). The}' are readily ]»rone to corrosion 
except when inhibited by secondary causes, and their com- 
|)ounds are usually veiy stable, this ])ro|jerty carryinjr with it 
the difficulty of recoverinjy the metals from their natural 

O 

occurrences. Still further, the moi'c negative metals replace 
those whicli are positive, and this property is one which is 
progressive throughout the list from the most negative to those 
most positive. In this scheme noble metals are those which 
are chemically or electro-chem- 
ically inactive, quite apart from 
the consideration of cost. 

The Hydrogen Electrode. There 

are. however, (^thei- electrodes 
used as standards to which refer- ^ 
ence must be made in view of 
their extensive use and their 
s])ecial application to electrode 
potential magnitudes. One of the 
most important of these is the 
hydrogen electrode. It mav at 
first sound strange to sj)eak of a 
gaseous electrode, and for a con 
tinuous su])ply of hydrogeii to be 
available as an electrode for con- ' j koi*i: 

version into the ionic torni theie must necessarily be some 
method of condensing the gas on to a conducting surface. 
Platinize<l ])latinum supplies the need. In Fig. 41 is sliown a 
platinized platinum electrode immersed in a solution of sulphuric 
acid, and from below the electrode a continuous stream of pure 
hydrogen gas bubbles is maintained from a usual source of 
this gas. The gas for this |)urpose should be free from any 
impurities as tltese would seriously interfere with the electro- 
chemical properties of the electrode and the electrolyte. The 
electrode may take a number of forms, and as a standard elec- 
trode exact conditions of setting up and maintenance must be 
observed. The acid solution contains hydrogen ions and is also 
charged to saturation ^\■ith the molecular gas, as also is the surface 
of the electrode. In the form usually adopted there is the aim at 
normal hydrogen ion concentration in the acid. It will be re- 
called that N . HgSOj is ittnized to the extent of about D*.y2. 

I-’- ( 1.173) 
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Stronger solutions are somewhat less ionized so that it may be 
taken tliat in a 2N sulphuric acid there is a hydrogen ion con- 
centration equal to normal strength. Similarly, normal hydro- 
chloric acid is dissociated to the extent of almost exactly 0-8 
so that a solution of this acid of 1-25 normal realizes normal 
ionic concentration of hydrogen. Imagine this electrode set up 
with the calomel electrode. Across the potentiometer the 
combination gives an e.m.f. of practically 0*28 volt, the mercury 
of the calomel electrode proving to be the positive element of 
the combination. Thus the usual single potential of the calomel 
electrode has been reduced from + 0*56 to + 0*28, the differ- 
ence, viz., 0-28 volt, having been expended in the production of 
hydrogen ions at the hydrogen electrode, this potential being 
reciuired to overcome the natural tendency of hydrogen ions 
to discharge themselves from this ionic concentration with the 
production of a F.D. of the equal value of 0*28 volt. This value, 
with some refinement, is the value of the hydrogen electrode 
when that of the normal calomel electrode is taken as 0*56 volt. 

Hence a normal zinc electrode set up with a normal hydrogen 
electrode would give an e.m.f. of 

— 0*48— (+ 0*28) = — 0-76 volt 


and others coiTesj)ondingly. 

Hydrogen and Absolute Scales of Electrode Potentials, On 

page lfi9 has been set out a list of electrode j)oteutials on the 
basis of that of the calomel electrode being + O-oG volt. For 
reasons which will be more ap])arent later, electro-chemists 
have transferred the values to a new scale on which the 
value of the hydrogen electrode is taken as zero. The values 
on the two scales are shown in Table XLVIII, from which it 
will be seen that on the hydrogen scale (A\) all negative values 
are increased by 0*28 volt, while the ])ositive values are reduced 
by the same figure. By the use of the easily set up hydrogen 
electrode the combination of any metal electrode with that of 
hydrogen gives an e.m.f., which is at once the single potential 
of the metal electrode on the hydrogen scale. This may at least 
be regarded as some advantage. On the other hand, the values 
on the absolute scale do at least show the natural tendencies 
of the metals to pass either from the metallic to the ionic state 
or vice versa in solutions of normal salt strength. luithei. the 
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(litiereiice between any two values is not intiuenced by the 

« • 

change of scale. Thus for the Daniell cell tiie figure, on tlie 


hydrogen scale, becomes 


o*7fi - ( r 


I -09 vc)lts 


the negative value indicating that the zinc is passing into 
solution. In conformity with general use. the values on the 
hydrogen scale will now be adoj)ted. Moreover, these values 
refer to solutions not normal with reference to tlie metal salt, 
but normal with respect to the metal ion concentration, this 
being a more reasonal)le basis, having in mind the very varying 
degrees of dissociation in noiinal solutions and therefoiv the 
varying ion concentrations. 


TAHl.K 

KLKCTUOUK 


XLVIll 
POTKX ri.vj.s 


■Metal 

V 

roi'(*ss 


/L. 


Li 

Li 

- la. 

1 

1 

2-(iS 

21M) 

K 

K 

^ K . 


2 ti4 

2!)2 

Nu . 1 

i 

Xa 

- Xa. 


2 4.4 

2-71 

Mg . 

Mg 

■ Mg. . 


L27 

I 

Al 

Al 

A I . . . 


1 ().■> 

1-44 

Zm 

Zn 

> Zn . . 


a-4H 

0-7ti 

Cr 

Ci 

* Cr . . 


0-42 

0()0 

Cr 

('i- 

• Cr. . . 

• 

0-22 

0-.")0 

Ko 

Le 

- . . 


OK) 

0 44 

(■<1 

CM 

> CM. . 


012 

0-40 

Co 

(Jo 

' Co . . 


0-01 

0-20 

Xi . 

Xi 

- Xi. . 

1 

0-0."> 

0-24 

Sn 

Sm 

- ^ Sn . . 


(tl44 

0140 

PI, 

PI) 

^ Pl>. . 

1 

oir>8 1 

0-122 

II 

H 

^ II . 


0-2S : 

0 

Cii 

Cu 

' Cii . . 

♦- 

0(i2 

* 0-44 

Hg . 

Hg 

> Hg- ■ 

4- 

lOH 

■i 0-80 

Ag 

Ag 

■ Ag. 


LOS 

T 0-80 

\u 

.\u 

' All . . . 

• 

1 

1 ()4 

i 

• I -40 


It should be pointed out. however, that the figures refer to 
the metals in tlieir normally active state. Under a number of 
conditions metals assume a state of passivity (Chapter WII) 
during which their potentials are ])ractically zero, that is, set 
against a noble metal such as platinum they give little or no 
(A’idence of chemical activity or electrode |)otential. 
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The Salt Bridge. It will be appreciated that electrode 
potential measurements frequently involve the use of liquids 
which are not miscible without chemical reaction, and in many 
cases precij)itation, witli changes of concentration of the solu- 
tions which should be constant. In the determination of the 
electrode potential of silver in the nitrate solution, for example, it 
is obvious that the limb . of the calomel electrode with its solution 

of potassium chloride can- 
not be inserted in the silver 
nitrate solution. In this and 
similar cases an intermediate 
or connecting cell containing 
a solution which is chemi- 
callv indifferent is used as 
shown in Fig. 42. For silver 
nitrate with the calomel 
electrode this solution might 
conveniently be ])otassium 
is commonly known as a 




NKCl 


Fk;. 42 . Salt Hhjdgk 


nitrate. This liquid connection 
‘'salt bridge.” 

The Dropping Electrode. The calomel electrode was the 
first to be used in any electro-chemical research work, and upon 
it the first values for single potentials were based. Obviously 
before this could be done it was necessary to attach to it some 
determined value and at that time there were no known single 
potentials. In order to get some first value for what was after- 
wards to be regarded as a standard, some experimental search 
had to be made for an electrode which should be free from a 
difi’erence of ])otential from that of the solution in which it 
stood. This “no difference of |)otential electrode'’ engaged the 
attention of Helmholtz, Ostwald. Konig and others and was 
attained with some measure of *success, insufficient, however, to 
admit of its being regai’ded as an ultimate and accurate basis 
upon which some of these most important values could with 
confidence be based. 

It was achieved by allowing a fine stream of mercury to 
drop into an electrolyte in such a manner that there could be no 
possibility of the presence of mercury ions in the immediate 
vicinity of the dro])ping mercury and therefore no tendency 
for positively charged mercury ions to be |)recipitated on the 
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mercury and giving to it its positive charge. Such an electrode 
was called a “di-opping electrode.” The arrangement was that 
shown in Fig. 43a. 

A tube with a ca])illary terminal was charged with mercury 
in contact with a platinum wire fused into the side of the tube. 
By no conceivable method could the potassium chloride 
electrolyte be regarded as entirely free fi-om mercury ions. The 



slightest o.xidation of the mercury at the bottom of the electro- 
lyte would lead to some solution of the mercury with the 
formation of mercury ions. By the ]jroce.ss of the formation 
of the individual and successive droj)s of mercury each with 
its increasing surface, it was a.ssumed that, with a rapid stream, 
the film of electrolyte immediately in contact with the mercury 
(hojjs would be so depleted of mercury ions as to reduce the 
1 .1). to zero. Manii)ulativ'e design and accuracy in carrying 
out the process failed to reveal any trace of electric potential 
of the mercury falling from the tube. If now this is regarded as 
a half-cell in conjunction with which the carefully ])repared 
calomel electrode is associated, then the e.m.f. of the combina- 
tion must be due to the potential of the calomel electrode. It 
was by tins method, carried out with the utmost care, that the 
value ()f ()-.-)() volt was determined for the calomel electrode 
containing normal potassium chloride solution, and it was to 
tins standard that single ])otentials were first based. It was a 
case of some carefully determined and accepted value, upon 
winch other calomel electrodes could be |)ref)ared and this 


PRINCIPLES OF ELECTRODEPOSITION 


i7() 

value attached. The relation of the three electrodes, dropping 
{DE), hydrogen {HE) and normal calomel (CE), is shown in 
Fig. 43 b, approximate figures only being used. 

The Value of the Calomel Electrode. The method, however. 

has always been open to criticism, and this led to the change 
from the calomel electrode to the normal hydrogen electrode 
as the accepted standard. Values referred to the calomel 
electrode thus standardized were, and are still, known as ab- 
solute values {E while those referred to the normal hydrogen 
electrode are admittedly only relative. Thus the figure of 
- 0*7h volt for zinc on the hydrogen standard embodies at 
least two diffei’ences of potential, that of the hydrogen electrode 
itself and that of the zinc electrode. \iy taking tlie value of the 
hydi'ogen electrode as zero in every (;ase and at all tempera- 
tures. the values on the hvdrogen scale refer to the differences 
of potentials of the metals from that of the hydrogen electrode. 
These values are capable of accurate determination free froin 
any doubts as to the reliability of the first standard, the only 
necessity being that of setting uj) the hydrogen electrode 
strictly on the specification laid down with regard to the pre- 
])aration of the platinum electrode and the ionic strength of 
the electrolyte. vSubsequently there was a reversion to the use 
of the calomel electrode in several forms, each having first been 
standardized against the hj^drogen electrode. Again, calomel 
electrodes of different potassium chloride concentrations are in 
common use, these being shown and with their corresponding 
values in Table XLIX. 

TAHI.K XLIX 
CALOMEL KLE(TH()DES 


Stroiigtli (»f K(’l 

1 

18 (’. 

2r> (\ 

Dociiiorinal ' 

1 

O ICUO volt 1 

0-3341 voU 

Noriiuil 

0-283 ,. 

0-28I() 

Suturato<i 

0-240 .. j 

1 

1 

0-244 .. 


From these values it will be seen that the stronger potassium 
chloride solutions give the lower values, due to the lower 
mercury ion concentration reju'esenting a lower solubility of 
the mercurous chloride in the electrolyte with a common ion, 
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other examples of which have previously been pointed out 
(see page 83). 

Electrode Potential Diagrams. A concejjtion of the meaning 

of these single potentials in a depositing solution is illustrated 
in the diagrams (Fig. 44). in wliieh it is assumed that there is 
only the smallest amount of current flowing in order that there 
shall be the minimum change of the electrode ])otential from 
the “single” values. ^ ^ 

In the case of co])|)er the copper 
ions are discharged, this |)rocess 

producing a P.I). of [iracticall}^ 0-34 

volt. At the anode copper passes ^ 

into the ionic form with an absorj)- L— 

tion of practically 0*34 voll. Thus ^ ' q 

the voltmeter records at least three 
components, tlie {Kdentials at tlie 

anode and cathode, w hich in thiscase + _ 

are assumed to be ecpial and op|)o- ^ 

site, and also the drop in potential I ^ 

due to the resistance of the electro- ' ^ 

lyte. As Avill later be seen, these 1 

electrode potentials in the j)rocess I 

of deposition are not e<iual. Each 1^ I 

suifers some cliange so tliat the volt- „ I 

meter records the summation of 
three different com])onents. 

,, . jy ‘ .1 ,• 11 /. PoTKNTfAl. 1)IA(;KAMS 

Here An re])resents the tall of 
potential in the production of copper ions, HC then rei)resenting 
the fall due to ohmic resistance. At the catliode the discharge 
of copper ions is attended w'ith the develot)ment of about 0-34 
volt, thus increasing the ])()tential at which the current leaves 
the cell. 

In the case of the zinc a IM). of 0*7() volt is develoi)ed at the 
anode with the |)r<)duction of zinc ions, w'hile a practically 
e(iual potential is absorbed at the cathode by the precipitation 
of zinc; ions on tlie cathode. 

In this case AH represents the develoiiment of potential 
with the production of zinc ions at the anode, after Avhich BC 
again rejiresents the fall through the solution due to ohmic 
resistance. At the cathode tlie discharge of zinc ions into the 


Zn 


44. THODK 

PoTKNTf AI. 1 )I A(;KAMS 



178 


PRINCIPLES OF ELECTRODEPOSITION 


metallic form necessitates the absorption of a potential equal 
to that produced at the anode, and if anodic and cathodic 
|)rocesses are theoretically efficient, then the voltmeter reading 
across the batli is a measure of the ohmic resistance with the 
exception of a shglit error for concentration at both electrodes. 

The Nemst Equation. From an entirely different angle and 

based on thermodynamical principles, Nernst deduced the 

to lowing expression for the potential of a metal immersed in a 
solution of one of its salts — 



where E is tlie electrode iiotential, 

R is the gas constant referred to on jiage 40, 

T is the absolute temperature, 
n is the valency of the metal ions, 

F is the Faraday, 

P is the electrolytic solution pressure of the metal, 
and p is the osmotic jiressure of the ions in the solution. 


Some comments must be made on these individual items in 

the exjiression. The term osmotic pressure of the ions might 

better be termed ionic jiressure. It has previously been em* 

phasized that osmotic phenomena occur around semi-permeable 

membranes, but the use of the term in this connection will be 
readily understood. 

The gas constant R should he exjiressed in electrical terms 
thus — 


R ^ 
Further, 


S4 oOO gm.-cms. and 42 500 gm.-cms. 
1 gm.-cal, = 4*18 joules so that 



84 500 X 4*18 
42 500 


H*28 joules. 



Log^ refers to logarithms calculated to the base 2*71828. . . . 
this is an important number in the realm of natural j)henoinena. 
It was discovered by Euler and is made up as follows — 

1 


e — 


I + 1 + 7-1- .7-^ o 


+ 


I 


2x8 2x3x4 2 X 3 X 4 X o 


- + etc. 


Taken to it.s limit this result is 2'7182<8. . the logarithm of 
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which to the ordinary base of 10 is ()-4343. Logs to the base e 
are therefore converted to ordinary logs by multiplying by 
1 0'4343 = •2-3. The expression then simplifies to — 


a; 


H-2S X T X 2-3 
n X 00 r)4() 




P 

P 


O-OOOMtS X T P 

— - _ 

fl ^ p 

While P is at present quite an unknown quantity, the 
presence of p indicates that the potential of the metal is to 
some extent de|)en(lent upontlie concentration of t he metal ions 
in the solution. This is. of course, reasonable and recognized. 

In tile absence of definite knowledge of the magnitude of 
tlie electrolytic solution jiressure (to which reference will be 
made later), we can use the Nernst expression to calculate the 
e.m.t. developed by a metal standing in two solutions of one 
of its salts of different concentrations. In this case P and p are 
replaced b}' ( and r representing the ionic concentrations in the 
two solutions. Jake a simple (rase in which (■ and c re])resent 

C 

normal and decinorrnal ionic concentrations. Hence — = in 


c 


and its log unity. This factor therefore disapjiears. At a 
temperature of 18° (’. (21H° Abs.) the exjiression becomes— 

,, ()-0(MH98 X + 18) ((-058 

h _ - ^ ^ yoh, 

n 

This combination of a metal in two solutions of its salt of 

different ionic concentrations is known as a concentration cell. 

When these ionic concentrations vary to the ratio of 10. the 

develo])ed e.m.f. is O-OoH ^ n volts, that is. 0-or)8 volt for a 

univalent ion. 0-058 ^ 2 -- 0-029 volt for a divalent ion, etc. 

1'hese are values which are in exact accordance with those 

already determined, so that the Nernst eejuation will seem to 

have many af)plications in the study of electro chemical 

potential differences w ithout an exact knowledge of the more 

or less hypothetical factor of the electrolytic solution pressure. 

which IS. after all. only a conception to account for the observed 
facts. 

Having, however, tlie aecurately measured potential of, sav 
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zinc in a solution of zinc sulphate with normal metal ionic 
concentration, some attempt can be made by working backwards 
with a view to calculating this electrolytic solution pressure. 
For this purpose use the approximate value of 0*48 volt on the 
absolute scale for zinc in a solution of normal zinc ion concen- 
tration. At IS® C. the expression becomes — 



and P must be of a considerable order to have a log of H)*6. 
It is i)artly on this account that the Nernst ex[)ression is open 
to some criticism, but it is bv no means the first case in which 
an expression lias useful apjilieations over restricted ranges 
without being exactly ajiplicable to all conditions. The 
equation will therefore be used on much the same lines as in 
the calculation of the e.m.f. of the concentration cell. 

The number with log of 16-632 is 4-29 X 10'® and thus the 
electrolytic solution pressure of zinc is this figure times the 
ionic pressure of a normal ionic solution. This, however, is of 
the order of 22 atmos]iheres, and thus the electrolytic solution 
pressure of zinc is of the order of 22 x 4-29 x 10'® = 9-4 X 10" 
atmosiiheres. an altogether unimaginable figure. Similar figures 
for other metals can be calculated from their measured single 
potentials. The.se high values will naturally stand in the same 
order as the single potentials but no useful ])urpose will be 
served in extending the calculation. 

Electrode Potentials of Anions. Anions, too, have electrode 
potentials. If that of hydrogen can be dealt with and so success- 
fully turned to account in the hydrogen cell, those of other 
gases might be capable of similar treatment. A platinum 
|)late, for exam])le, will absorb small amounts of chlorine gas. 
which element can be kept in solution in some electrolyte con- 
taining chlorine ions, for example, KCl. This chlorine gas tends 
to pass into the ionic form producing negative chlorions and 
leaving tlie iilatinum ])late jiositively charged. Other halogens 
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can i)e similarly dealt with and their detennined potentials are 
as follows — 


TABLE 1. 

ELECTUODK POTENTIALS OF AXIOXS 


Eloiiient 

; ion 

Polontiul 

I 

I 

-f- o-r)4 

() 

i 

OH 

0-4(l 

Br 

iir 

u-yy 

i.'\ I 

C\ ' 

^ i ;t(> 

I 

K i 

I 

^ i-yy 


(’onsecjuently a hall-cell witli zinc in its sulphate and another 
with chlorine in potassium chloi-ide with a Id electrode can he 
joiiicd together. Both elements tend to pass into solution and 
their eflects are added togethei' as they aie producing oppositely 
charged ions in opposite directions. Idie e.m.f. of the combina- 
tion hetromes the algebraic^ difference l)etween their individual 
values thus - 

- '»•?<) - (+ l-.-iO) 2-12 volts. 

J Ills is a |)()ssihle voltaic cell thoii<rli. ot course, an unusual one. 

Liquid Junction Potentials. The |) 0 .ssibility of the existence 
of ()otentials at the junction of the licjuids comprising the electro- 
lytic cell has not been ovei’looked. It has, by reason of its very 
small dimensions, been regarded as negligible in the usual 
potential measurements with which we have been concerned. 
Some idea of the .several values which have been determined 

may. however, be given. With two solutions of the .same electro- 
lyte the determination is relatively simple, but with differiim 
electrolytes the matter is more difficult, (ienerallv the method 
adopU'd IS that of maintaining a constant flow of the two 
•solutions on oiiposite sides of a mica plate with a small hole. A 
lew values so determined are as follows - 

0-1 N HCI/01 X K(’l 0.(127 volt 
0-1 X H(’l/X K(’l 0-007() 

H I X IK'I/Sat. K(1 zero. 

fiom the^e hgures it will be .seen that the appreciable differ- 
ence of potential between decinormal .solutions of ffCI and 
K I disappears with saturated K('l. this fact being utilized in 
mlop ing saturate.! r.otassium chloride solution as an inert 
lupud junction m potential measurements. 


CHAPTER XIV 

ELECTRODE POTENTIALS {conid.) 

Introduction. We can now pass on to a consideration of the 
changes which take place in the potentials of metals standing 
in solutions of their salts and functioning as electrodes either 
as cathode or anode. With these changes of potentials many 
problems in electro-deposition are intimately concerned, and 
the study throws considerable light on many aspects of this 
phase of electro-chemistry. That such changes do occur will 
be obvious. Zinc, for example, in a solution of its sulphate of 
normal zinc ion concentration develops a potential of — 0*76 
volt on the hydrogen scaje, the negative sign indicating that 
the metal tends to pass into the ionic form against the ionic 
pressure already existing there. If the zinc now constitutes 
an anode, the metal passes into solution with an increase in the 
zinc ion concentration in the solution in contact with the zinc 
plate. Against this greater ion concentration the metal plate 
will develop a smaller potential, the figure being less than 
0*76 volt, but still carrying the negative sign. Tlie plate has 
thus become less negative or more positive. On the other hand, 
as a cathode, the zinc jdate will receive a deposit, thereby induc- 
ing a lower zinc ion concentration in the layer of solution in 
contact with it. Against this weaker solution the zinc plate 
will develop a greater potential so that the figure will be in 
excess of 0-76 volt still with the negative sign. As a cathode, the 
zinc becomes more negative, and these variations would seem to 
increase with an increasing current or current densitv. Take 
also the case of copper which in N. ionic copper sulphate 
develops -|- 0-34 volt. As an anode, more cop})er ions are 
formed, increasing their concentration in the anode film of 
solution, from which stronger solution copper ions would tend 
to more easily discharge, thereby raising the positive value of 
the copper potential. The metal anode thus becomes more 
positive, while at the cathode tlie discharge of copper ions as a 
deposit weakens the solution, reduces the tendency to the 
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separation of the copper, and thus lowers tlie ]iotential which 
becomes less positive or more negative. 

Static Potential and Dynamic Potentials, do differentiate 

between these potentials the terms “static” and ‘-dynamic” 
potentials are apjdied to tliose develoi)ed without aiurwith the 
presence of a current. So far we have considered only the 

static potentials and w'e now turn our attention to the dyiiainic 

% 



potentials, the term dynamic being usuallv omitted but clearlv 
understood. * 

These are determined in exactly the .same manner as the 
single IK, tentials as illustrated in the previous chapter 

In I'lg. 4;, is shown a small deposition <.ell fitted up for the 
dejjosition of a metal upon the cathode (\ Into the solution 
am pietouhly near to the cathode, is inserted tlm coIX 
hmh of the calonie electrode. When no eu.reiit is tiowim. the 
electrode potential (‘-catlioile”) is obtained from the e"ni f 

STo 1^ Tim h ” .standard 

i.»t ,h. ,i,„c » ““I*;;;: t-;; 

■''—..■<1 .m ,l,y „.„e,„t„«er'wi“ 
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until both positive terniiiials meet at one end of the wire. 
Imagine first the case of the deposition of copper in the cell. 
Co])})er is a less positive metal than the mercury in the 
calomel cell and the difference between the two potentials will 
therefore be measured on the potentiometer wire. The electrode 
potential of the cop})er ])late will therefore be computed by 
adding the figure for the calomel electrode to that determined 
on the potentiometer. For the normal calomel electrode the 
value is + b*28 volt while that for co])per in normal ionic 
cop])er solution is -)- 0*34 volt. In this case, therefore, there 
will be a measurable ])otential difference over the two half-cells 
of 0*34 — 0*28 O-Ob volt. The accurate measurement of such 
small potentials obviously })resents difficulty, and it is therefore 
customarv to introduce into the circuit a Weston cell, to the 
e.m.f. of which these small ])otential differences, whether 
positive oi* negative, are added, giving a readily measurable 
figure, in the case of the simj^le ])otentiometer wire, somewhere 
more nearly in the middle of the length of the wire rather than 
a centimetre of two from the end. Alternatively, if zinc is 


under test the mercury of the calomel electrode will need to 
be connected with the positive end of the potentiometer, the 
measured e.m.f. then being the ai’ithmetical sum of the two 
values or their algebraic difference. These simple rules serve 
to convert the actual readings of potential differences on the 
l)otentiometer to those for the electrode under examination. 

Such results clearly show that with increasing current the 
cathode becomes less positive or more neptive, and that the 
anode becomes more ])ositive or less negative. In other words, 


the ])lates originally static become, when a current is passing, 
differently charged and this difference increases with increasing 


current densit 3 ^ 

This variation of potential with increasing current density 
is known as electrode polarization, meaning the difference in 
the electrode })otential in the static and dynamic conditions. 
This polarization affects both electrodes and not necessarily 
to the same extent, so that both cathode and anode polarization 


need to be separately determined. 

Concentration Polarization. This polarization is graphically 
shown in Fig. 46. It represents an added e.m.f, which must be 
apjilied with increasing current density to that already recpiired 
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to overcome the ohmic resistance of the solution. It arises 
from the difference in the concentrations of tlie metal salts 
and therefore of the metal ions in the fflnis of electrolyte on 
the surface of the electrodes. It is, in fact, concentration 
polarization and would not occur if thefiliiis of aiioivte and catho- 
lyte in contact with the electrodes 
could he continuously maintained 
at their normal concentration dur- 
ing the pa.s.sage of the current. The 
figure shows, though not to scale, 
the changes at each electrode, that ^ 
at the anode making this electrode yj 
less negative or more positive while 
that at the cathode makes this elec- 
trode less positive or more negative. 

Still a.ssiiming that the current 
efficiency is 100 per cent at hotli 
the anode and cathode, the e.ni.f. 
across the cell can now he seen 
to coinpri.se three components, 

viz., that reipiired lu overcome ohmic resistance, and this in- 
crea.ses proportionally with increasing current, and also those 
reipnred to overcome the.se increasing polarizations and the 
electrodes 1 Ins is indicated in Kig. 47 and from it, it will hecoine 
incieasingly apparemt that a single voltmeter reading across 
a de,.osition hath does not ne.'e.ssarily convey anv very definite 
infoi Illation regarding the pioce.s.ses going on in the hath. 

I hiis in Mg. 4/ {(,) the components are set out for the anode 
and cathode coinpartinents of the cell while in (h) they are 

hv f-vpe is readily illustrated 

.> .setting u]) in a glass cylinder a strong solution of copper 

•su P late over which is poured carefully, to avoid niixiim a 
a dil I 1 (J'ig- 48). For the upper iryer 

•H the two solutions as shown, and in the course o"a few ^ 
icie IS definite evidence of copper dej.osition on the lower part 
ofitlie lod while the upper portion shows evidence of an;;Sc 


I' It;. i(i. ( 
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The magnitude of the developed e.m.f. is that calculated 
from the Nernst equation in the previous chapter and in the 
case of copper (a divalent metal) amounts to 0-058 ^ 2 = 0-029 



E E 

(a) (b) 


Fi<;. 47. P.D.’s, to Ovkucomjo Ohmic Rksistance ani> 

( 'ONCKNTRATION POLARIZATIONS 


volt approximate!}^ for solutions differing ten times in their 
ion concentration. Theoretically the process of copper de- 
position on the lower portion of the rod and the anodic 



solution of the upper portion will go on 
until the two solutions acquire the same 
concentration of copper ions. Its presence 
j)revents the accurate determination of re- 
sistivity in electrolytes even though no 
actual chemical action takes place at the 
electrodes, and hence the use of alternating 
current. It may be regarded as probable 
that these phenomena will have an im- 
portant bearing on many matters electro- 
chemical. 


Kk;. 48. 

('OXCENTRATIOX (’KLL 


Cathode Polarization. It will now be 

convenient to set out these effects to some 


sort of scale so that the behaviour of the different metals will 


be more easily comparable. Fig. 49 shows the polarizations of 
the cathodes for the metals referred to, and they are, moreover^ 
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set out to a scale which indicates the negative or i)ositive 
chaiacter of the metal in the static form. They cover a wide 
range from mercury, a very positive metal, on the one hand, 
to zinc in a jjotassium cyanide electrolyte, which is very nega- 
tive, on the other. These curves express the changes of j)otential 
with changes of current densitv. 
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Klc. I!». CaTMOIH: PoTKNTIAI. ANt) Ci iirknt Dknsitv 

111 tliis aiTaiigeineiit it will lie seen tliat some groupimr may 
he elfccted as follows — " 

(h-oup 1 includes such metals as lead and mereurv (to which 

may he added silver in the nitrate solution), which show 
little |)olanzation. 

ih-oap 2 includes coi),)er, nickel and zinc in solutions of their 
mineral acid salts, while 

f/rou/i 3 includes such metals as copper, cadmium and zinc in 

solutions of either the single alkali cyanides or the double 
cyanides. 

Later It will he seen that this rough classification finds some 
apiihcation m the behaviour of the several metals in deiiosition 
processes, but for the moment it will be observed that in some 
cases these ,,olarization curves are far apart while in others 

nr Vr"'" nf overlap. 

1 hife piohlcm will be explored later. 

Electrode Polarization (Simple Determination). These varia- 

ons of electrode potentials may be apiiroximatelv determined 

n 1 irc 
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in a simple manner by the use of a cell divided into three equal 
compartments by the introduction of gauze screens as shown in 
Fig. 50. These gauzes are such that the current passes through 
without making any contact with the metallic partition. [In 
the latter case the screens would act as bi -polar electrodes 
(see Chapter XXII) and each compartment would then exhibit 
the usual properties of an electrolytic cell.] Voltmeter readings 
are then taken across the anode, middle and cathode compart- 


+ 



Fu;. 50. C’eli. for .A.pproximately Mkasiirino Polarization 

ments. That across the middle compartment accounts only 
for the ohmic resistance of the electrolyte. An equal P.D. is 
used for the same purpose in the anode and cathode compart- 
ments, and the higher readings obtained in these compartments 
are due to the electrode potential changes or polarizations with 
the variations of current density. 

With a high resistance voltmeter such results give a good 
indication of these electrode polarizations, but much more 
accurate data are determinable by the usual method of measur- 
ing electrode potentials by the ])otentiometric method with a 
standard electrode as previousl}^ described. 

Polarization with iMoluble Anodes. It will be appreciated 
that witli insoluble anodes a new set of conditions arises from 
the fact that definite chemical changes occur as the result of the 
migration and discharge of the ions. Thus with acidulated 
water there is the definite decomposition of the water with the 
absorjition of a considerable amount of energy. For the moment 
we will set this figure at 1-25 volts required for the discharge 
of the hydrogen ion at the cathode and the hydroxyl ion at the 
anode. This is practically a constant figure over different 
current densities. On to this has then to be added the increasing 
P.D. required for overcoming the ohmic resistance of the 
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eleetTOiyte togetlier with tlie P.D.'s of anodic^ and cathodic 
polarizations. This is diagraniinatically set out in Fig. .'51, 
from whicli will l)e seen tliat the total e.in.f. over the electro- 
lytic cell is made up of (1) the electrolytic reversible potential 
hRF, that required for decomposition, (2) 1 It, that for over- 
coming ohmic resistance, and (;}) CP and AF, two differing 
electrode jmlarizations, altogether a somewhat complex figure. 
Voltmeter rearlings across any electrolytic hath are not so 



simple as sometimes imagined and indeed re(,uire .some 

Depolarization, riiis tenn of fVecjuent use refers to the 

eounteractioii of the eoiulitious leading to polarization. Sub- 

stances redming the tendencies to polarization are called 
depolaiizer’s. 

Over-voltage. When the diseharge of gases is concerned a 
new .set of conditions seems to arise from the fact that different 
electrode materials offer different facilities for the diseharge 
ot tht^se gmscmns products. For example, hydrogen is elim- 
inated at the cathode, hut the ea.se of discharge of this ion is 
dependent to .some extent upon the physical and, more strik- 
ingly, the ehemieal nature of the cathode material Fiider 
precisely the same <s.nditions. metals like zinc and mercurv 
oif.M' a eonsiderahle opposition to the discharge of the hydrogen 
mn on their surfaces in comparison with that offered hv 

cit md!"'' ! r '"easurahle hy an increased 

cathode potential above that rec,uired for .some .standard 



190 




,CIPLES OF ELECTRODEPOSITIOX 


Values 1“' this excess voltage is called “over-voltage.” 

obse'^ or this phenomenon vary shghtly according to different 
^ .vers, but the following may be taken as generally 
ecognized for hydrogen from normal sulphuric acid — 


TABLE LI 

OVER-VOLTAGE OF HYDROGEN 


Platinized Pt. 
Gold 

Polished Pt. 

Silver 

Nickel 

Copper . 

Cadmium 

Tin 

Lead 

Zinc 

Mercury . 


0*005 volt 


0*02 

0*09 

0-15 

0*21 

0*23 

0*48 

0*53 

0-64 

0*70 

0*78 


9 9 

99 
99 
99 
9 9 
9 9 
99 
9 9 

f 9 


Over-voltage varies witli temperature, the values usually 
being lower at elevated temperature, but increases with current 
density. The phenomenon is one to be reckoned with in many 
examples of commercial electrolysis. 

Over-voltage, too, is reduced by the super-imposition of an 
alternating current, this method having some application in 
electro-deposition problems. 

Similar figures for the over-voltage of oxygen are sliown in 

Table LIT 


TABLE LI I 

OVER-VOLTAGE OF OXY(Gt:N 


(In normal KOH) 

Nickel .... 

Cobalt .... 

Platinized Pt. , 

Iron .... 

Leail .... 

Silver .... 

Cadmium 

Palladium 

Pt. (smooth) 

Gold .... 


0*06 

0*14 

0-25 

0-25 

0-31 

0*41 

0-43 

0-43 

0-45 

0*53 


volt 

99 
9 9 
99 
9 9 

♦ 9 

» 9 
9 9 

9 • 


Assuming for the moment that these values are not widely 
different in various electrolytes there will be a marked difference 
in the voltages required for electrolytic decomposition of water 
with (a) a nickel anode and gold cathode and (6) a gold anode 
and mercury cathode. 
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In (rt) the combined over-voltages are 0-()() o-o2 -- 0 - 08 , 
wliile in (h) they are 0*53 + 0*78 1-31 which is 1*23 volts in 

excess of (a). Some effects of these phenomena may he gleaned 
from the thought that Avitii a low over-voltage of hydrogen tiie 
gas will prefer evolution to undertaking possible chemical 
leactions in the solution. J he similar case arises with oxygen, 
and thus in many electro-chemical leactions changes in the 
materials of the electrodes freciuently alter entirely the course 
of the secondary reactions. 

After making some calculations relating the thermo-chemical 
|)roperties of the vai ioiis compcjuiuls with the e.m.f. recpiired 
for their decomposition, it may be j)ointed out that the addi- 
tional e.m.f. concerned with over-voltage problems makes its 
a])pearance by transformation to the form of heat, being an 
addition to the energy required for decomposition. 

Applications of Over-voltage. Many suggestions have been 
ventuied to account for this phenoinenon of o\'er-voltagc. In 
the case of hydrogen it has been suggested that it may be due 
to the production of highly condensed tilms of hydrogen on the 
suifaco of the cathode, from the \'alues for over-voltage it 
should be jiossible to a|)ply the Neinst eiiuation to the calcula- 
tion of the pressure of these assumed hydrogen tilms. ami the 
figures thus obtained are altogether heyimd reason. 

A niore likely explanation is that of the production of 
hydrides on the surface of the cathode giving rise to hii*h 
electrode |)otentials. This would seem to be a reasonable 
suggestion in view of the known existence of many metal 
hy< rides, and. moreover, from the fact that the activity of the 
hydrogen on the catliode would seem to favour the production 
of tliese l.ydn(lp.s if only in tlie inere.st yet appreciable amounts. 

in the case of chemical reductions at the cathode vet another 

factor may have a determining iiiHuence. Jn Table LIII 

p. 192 IS given the data for the reduction of nitric acid tci 

(1) hydroxylaimne and (2) ammonia. The.se mav be recrarded as 
progressive stages in the reduction. ‘ 

.\o\v amalgamated lead has a recognized high over-voltage 
agam.st hydrogen while that of sjiongy copper is notoriouslv 
lov. Another factor must therefore be responsible for the 
K uction of the acid, and it is apjiarent that the individual 
metals may act catalytically in promoting the reduction of the 
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TABLE LIU 

REDUCTION OF NITRIC ACID 


Cathode Material 

% Current Forming 

Hj'droxylamine 

Ammonia 

Lead, amalgamated 

70 

17 

Lead, rough . 

24 

60 

Zinc. 

43 

40 

Copper, smooth 

11 

77 

Copper, spongy 

1*5 

9-3 


acid to a niiich inorc marked extent than the hydrogen 
over-voltage. 

This over-voltage may be regarded as another type of 
polarization, and a number of electro-chemical operations in 
which it plays an impoi'taut influence may now be referred to. 

1. Behaviour of Zinc tn Acid. It is well recognized that 
impure zinc dissolves readily in dilute sulphuric acid while 
pure zinc is relatively unaffected. The explanation of this 
difference lies in the fact that zinc cannot enter into solution 
without the discharge of an equivalent amount of hydrogen. 
The action is electrolytic, zinc ionizing anodically, while 
hydrogen ions are discharged at a cathode. Unless hydrogen 
can be evolved, zinc cannot enter the solution. Impurities in 
zinc have low over-voltages for hydrogen and thus facilitate 
the discharge of hydrogen ions and the evolution of the gas. 
Pure zinc, on the other hand, has a higli over-voltage for 
hydrogen, thereby resisting the elimination of hydrogen and, 
therefore, the ionization of the zinc, the P.D. of this ionization 
being insufficient to overcome the over-voltage. Mercury, too, 
has a high hydrogen over-voltage, again resisting the evolution 
of hydrogen and thus stabilizing the zinc. The amalgamation 
can be effected either by rubbing on the mercury or ])assing the 
zinc through a weak solution of a mercury salt. With impure 
zinc dissolving rapidly in sulphuric acid, the addition of a small 
amount of a mercury salt solution at once inhibits the action. 

2. An application of this principle occurs in the suggested 
methods for the purification of the crude zinc solutions prejmred 
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by the treatment of roasted zinc siil|)lii(le tor conversion 
into oxide and sulphate with sul])huri(‘ acid. Zinc enters 
into solution as the sulphate together with many metallic 
impurities. From such a solution it is impossible to deposit 
zinc with any practical success. Tlie im])urities. mainly [)osi- 
tive with resjject to zinc, are deposited in the early stages 
with tlie zinc and at once provide ])oints of low over-voltage 
for the evolution of hydrogen from the relatively strong sul- 
phuric acid solution necessary for conductance purposes, with a 
considerable reduction in the current efficiencv of zinc deposi- 
tion. The elimination of the.se impurities from the slightly acid 
solution is the crux of the process. Foi* this purjiose treatment 
with finely divided zinc is largely used, but one method* makes 
use of zinc in some finely divided form followed by an addition 
of mercuric sulphate, this effecting the amalgamation of the 
zinc and reducing to zero the solution of zinc except by the 
replacement of the impurities. Tlie mei’cui'v is recoverable from 

the metallic sludge, entailing only a very slight consumjition of 
the metal. 

At a further stage in the process tlie zinc is deposited from 

a highly purified solution of zinc sulphate containing a notable 

(|uantity ol fi'ee sulpliuric iicid on to aluminium cathodes. The 

Ingh over-voltage of zinc again.st hydrogen ensures a high 

current efficiency of zinc dejiosition. Fi'om time to time the 

cathodes are removed, the zinc de|)osit detached, and the 

aluminium cathodes, after some cleaning, are reintroduced 

into the electrolytic cells. Being free from zinc and of relatively 

low over-voltage they effect the deposition of hydrogen until 

covered with deposited zinc, after which the deposition of the 

zinc proceeds normally. The high over-voltage of zinc against 

hytlrogen thus plays an imjiortant jiart in a proce.ss which in 

the course of twenty years or so has come to account for the 

[iroduction of about one-third of the world's supplies of this 

metal usually from resources which were not readily amenable 
to the usual distillation process. 

.5. Khrlrajutic Alkali Proce,.,., asimj Mercur,/. Several Ivi.e.s 
of cell for the electrolytic j.roduction of alkalis make use of an 
inteiinediate diaphragm of mercury. Some account of the 
( astner Ivellner ))rocess will he found in the litei'ature of the 

Tyans. Aynt-r. Khcfro-vhein. Soc., Vol. WAV, p. -((i7 
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subject. In this pi'ocess a salt solution is electrolyzed with 
carbon anodes (at wliich chlorine is evolved and led away for 
use) and iron cathodes between wliich there is a layer of mercury, 
which constitutes a diaphragm separating the anolyte and 
eatholyte. Between the electrodes current must pass through 
the mercury, there depositing the sodium which is redissolved 
anodically from tlie mercury in the cathode compartment. 
This deposition of the sodium from an aqueous solution is made 
])ossible by reason of the very high over-voltage of the mercury 
against hydrogen, and the fact that the sodium rapidly diffuses 
into the mercury. 4^116 over-voltage increases with an increase 
in cuirent density, and high current densities are the order of 
the I )ro(*ess. The de])()sition of sodium into the mercury has a 
cui’rent efficiency of the order of 90 per cent, wliile that of the 
anodic solution on the cathode compartment of the cell is 
naturally of the order of 100 per cent, this necessitating some 
boosting of the current in the anode compartment. 

The over-voltage of certain metals against hydrogen thus 
])lays a conspicuous part in a number of electro-chemical 
industries. 

A similar exain[)le is probably that of the addition of a small 
amount of meremry to the alkaline zinc bath in the deposition 
of the metal on cast-iron in which numerous impurities facilitate 
Ihe deposition of hydrogen which is inhibited by a thin film 
of deposited mercury, thus facilitating the deposition of zinc. 

4. The Lead Accuatidator. The curve of the lead 

accumulator after a long steady period of about 2*2 volts shows 
a sharp turn upwards towards the end of the charging ])rocess. 
At one time it was thought that this might be due to the forma- 
tion of highly oxidized products after the conversion of the 
major part of the lead sulphate to active lead and lead dioxide. 

It is more j)robably due to the high over- voltages of lead 
dioxide against oxygen at the positive, and of lead against 
hydrogen at the negative plates. This high IM). has only a 
tem])orary existence. 

r>. Deposiiion of Chromium, It is recognized that the deposi- 
tion of chromium from chromic acid baths occurs more (juanti- 
tatively on cathodes like co})})er and nickel. Nickel is invariably 
selected as the most suitable undercoat for chromium, copper 
being at a disadvantage on account of its conspicuous colour 
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wlien the chromium may be worn through. The high over- 
voltage of nickel militates against the evolution of hydrogen 
with an increase in the ])roportion of chromium dej)osited. 

Oxygen over-voltage, too, ])lay.s its important part in a 
nuinber of electro-chemical processes. Iteference to some of 
these must be made. 

In the chromic acid })ath for the de})osition of cliromimn 

there vould aj)pear to be a choice of anode material in the 

absence of chromium, this metal never being used, first on 

account of its relatively high cost in comparison with the cost 

of chromic acid as a periodic addition, and, secondly, on 

account cjf its almost 100 pei‘ cent solution etliciency. With a 

cathode efficiency only of the order of \ ' 2 \ i)er cent this would 

lead to the large accumulation of chromic acid on the bath. 

Alternative metals as anodes are iron and lead. At the anode 

some of the trivalent chromium always present in this solution 

and usually as chromium chromate (C’i 2 (( VA)-).,) is reoxidized to 

the hexavalent chromic acid, and this process should, as far 

as [)ossible, counterbalance the rcnluction which invariablv 

takes place at the cathode. Xov' Haring aiid Harrows hav^e 

shown that this oxidation takes |>lace juore effectively at a 

lead than at an iion anode. ^J’he following figures in I'able LIV 
illustrate t he point — 


I'AHLK 


mv 


COMPAKISOX 



I.KAI) and IKON ANODES 
ACID SOLUTIONS 


IN ClIHOMK’ 


lUvt io of 
Areas 

Anode 
Coinposi- i 
tir>ti 

1 

1 

1 

t'liroinjum Dicliroinatt* 
Normality (Cr"') 

Perot*nta‘<e of Total 
Cr0.j in " Free " State 

AlK)<lt> to 
Cathode 

Inil ially 

Alter 

, Elect rolvsis 

t 

Initiallv 

1 

i 

Alter 

' Electrolysis 

1 ; ;t 

1 

1 

1 

Lead ' 

1 Inai 

0-4(i 

i O-Io 

1-24 

1 1 

S4 

84 

or> 

oO 

;i : i 

1 

L(?ad 1 

Iron 1 

1 1 
1 1 

0-4ti 

0-40 

I 

1 

1 

0-0.5 ' 

84 

84 

08 

0.5 


!• lil t her, the relative area of the anode to the eathode makes 
d.s .•ontr.hiit.on to tlie i.roblem and van be chosen to maintain 
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an original and desirable amount of chromium dichromate in 
the bath. 

Alternatively, a method of rectification of this excessive 
trivalent chromium is that of passing the current through the 
solution using a cathode immersed in a porous pot, or even 
such a cathode can be maintained in the ordinary working of the 
bath. Experiments have shown that this rectification may be 
accomplished with a current efficiency of the order of 33 per 
cent.* 

Over-voltage of Metals Against Metals. A further point, and 

one of considerable interest in electrodeposition, is that of 
the possibility of the occurrence of over-voltage problems in 
the deposition of metals, if, for example, some metals will 
facilitate the deposition of a metal more readily than others. 
The problem is not capable of a simple solution in view of the 
recognized chemical or electro-chemical differences between 
the metals concerned. Some data on this matter liave been 
published. If reliable, it would give some indication as to the 
suitability of metals as undercoats for other deposits. There 
are, however, complications, one of which is that of the over- 
voltage of hydrogen which is so usually an accompaniment of 
metal deposition. The matter is one which will command 
attention in view of its ])ractical aspect, and the empirical 
results of long-established practice may give some lead in the 
further investigations. At i)resent there seems to be little 
which can with confidence be recorded. 

* Field and Weill : Electro-plating^ 4th Edn., p. .330. 



CHAPTER XV 

ACCl'MI’LATOR.S 


Introduction. Reference lias frequently been made to the fact 
that in many reactions hrouglit about by tlie conversion of 
electrical energy into the chemical energy, the resulting ])ro- 
ducts show marked tendencies to a reaction in the opposite 
direction, with the consumption of some of the product and the 
generation of an equivalent amount of electiical energy. In 
general, this jihenomenon has been called chemical polarization, 
which may he roughly defined as the tendency of the jiroduets 
of electrolysis to revert to their oi iginal ' condition. This 
])henomenon will now he examined in some detail. 

The Daniell Cell. 'Phis originally has the composition^ 

Zn ZnSOj/CuSO, ('ll 

Assume that it has run down by the consumption of the 
whole of (he zinc. Substitute a platinum sheet and develop a 
current from an external .source of energy in the opjiosite 
direction, .so that copiier is di.s.solved and' zinc is deposited. 
This latter reaction is one of (he type to w Inch reference has 
been made. As soon as zinc begins to he deposited the cell 
is restored to its miginal constitution, and with the removal of 
the a|)])lied e.m.t. will, with a completed circuit, rejii'oduce 
current. This reaction is repeatedly reversible, and a reversible 
process is defined as one ' in wh'ich, electro-chemical trans- 
formations having occurred, reversion to the original .state is 
po.ssihle within the svstem.” 

While, however, the cell is theoretically reversible, there 
are narrow limits of practical reversibility. For example, 
the dejiosit of zinc would he soft, spongy and loose. Diffusion 
of the copper .sulphate into the zinc compartment gives ri.se 
to .serious local action, thus diminishing the effectivene.ss of 
the cell. If the.se defects could he overcome we should have a 
•system into which electrical energy could he inqire.ssed and 
suhse(|uently recovered with, obviously, a certain amount of 
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inefficiency. One persistent loss would be occasioned by the 
electrical resistance of the electrolyte, but the system partakes 
of the nature of what might be called a storage cell or accumu- 
lator. It ajiparently only remains to secure that reversibility 
should be practical as well as theoretical to achieve a workable 
accumulator. 

The Lead Accumulator. The simple constitution of this cell 
is well known. In its simplest form it comprises two suitably 
prepared plates of antimonial lead, one charged with lead 
dioxide and constituting the positive y)late (connection usually 
painted red) and the other containing spongy lead, this being 
the negative plate (terminal usually painted black). These 
plates are immersed in dilute sulphuric acid. On connection 
to an external circuit an e.m.f. of something of the order of 
1*95 volts is developed. Sooner or later the system ceases to 
yield electrical energy. It has become discharged, and an 
examination of the plates reveals the jiresence of lead sulphate 


on both positive and negative. 

If now current is passed in the reverse direction from an 
external source and with a voltage which must obviously be 
greater than 1*95 volts, the plates are restored to their original 
condition. They are thus being ‘'charged,” and are then able 
again to sup]dy electrical energy. 

In this case the products of this reversed action are stable 
and adhesive. There is (R'dinarily little disintegration, and the 
|)rocess of reversion can be re])eated indefinitely. We have 
here a practical type of accumulator. 

Simple Chemistry oJ the Lead Cell. The chemical reactions 
stated in their simplest form, and omitting any reference to 
the electrical energy changes involved, may be set out as 
follows — 


DISCHARGING 

{a) Positive plate — 

PbOs + 2H + H0SO4 = PbSO, + 2H2O 
(b) Negative plate — 

Pb + SO4 = PbSO^ 

In the process, acid is absorbed and tlie strength of the 
electrolyte is therefore reduced. 



A(’(’rMrLAT()KS 



CHARGI^^G 


(a) Positive plate — 

PbSO, + -i~ 2H.() - PhO, + 2 HoS()4 

{h) Negative j)late — 

PbSO.i 4- 2H = Ph + 


In this jn’ocess acid is in-oduced and the changes of con- 
centration of the acid c<)nstitute some indication ot the state 
of the accainiulator relative to the cliarge which it retains. 



In following these reactions it nuist he clearly understood 
that under ordinai’v use not moie than “>() per cent of the acdive 
materials on the plates is subject to these reactions, there being 
alwa^’s an excess oi'the oii^inal juaterials on the '' discharged 

4 ^ O 

plates. 

Properties oi Reacting Substances. Kssential to the electro- 
chemical reactions in the lead accumulator are a number of 
substances the j)ro])erties of which should be appreciated. 
'These substances include lead dioxide, lead sulphate. sj)ongy 
lead, and sulphui'ic acid. 

The ])roi)erties of the acid are well known, and it suffices to 
say that the concentration of acid used is that attended bv 
the maximum conductamre. This is of the order of 1*22 density 
and approximately :h) ])er cent strength by weight. There is 
obviously some point in keeping down the internal resistance 
of the cell with an increase in the efficiencv of the combined 
charging and discharging })roce.ss. The relative conductances of 
sulphuric acid solutions are shown in Fig. 52. 

Lead sulphate is a white insoluble substance not characterized 



200 


PRINCIPLES OF ELECTRODEPOSTTION 


by any degree of conductance. Its density is of the order 
of 6*93. Its production in tlie path of the current may be 
expected to effect an increase in the electrical resistance. Nor- 
mally this substance, as i)roduced by the reactions of the cell, 
is porous and soft. Its porosity is an important factor, as 
through this material the acid must ])ass when, during charge, 
it is being liberated at both electrodes, and during discharge 
is being absorbed from the electi’olyte. Its porosity facilitates 
the chemi(*al reactions whicli it undergoes in conversion to the 
dioxide on the positive and to lead on the negative. The cell 
ceases to function correctly when, by long standing, the lead 
sulj)hate becomes hard and compact, and is then much less 
susceptible to the essential changes which it is called u[)on to 
undergo. The ])henomenon is called sulphation and is largely 
avoided by fully charging the cell prior to standing unused. 

Desulphation is sometimes attempted by charging and 
discharging with sodium sul})liate as the electrolyte, subse- 
(piently rinsing out before replacing the acid. The sodinm ion 
may be more effective in attacking PbS 04 . 

Lead dioxide (Pb(L) is another important constituent. Its 


densitv is of the order of 9*38 and it exhibits marked electrical 


conductance, which is gathered from its resistance of from 0 to 
7 ohms [)ei‘ cubic centimetre. It conducts metallically. The 
active lead on tiie negative plate is the spongy variety ])roduced 
by the reduction of the sulphate. Ordinarily j)ure lead which 
might be present in the solid form would be subject to some 
slight attack. The lead framework of the plates is therefore 
of antimonial lead containing from 9 to 8 per cent of antimony, 
this alloy being highly resistant to attaijk by sul{)huric acid, 
for which reason therefore it finds extensive application as an 
anode mateiial in a number of commercial [)rocesses in which 
suli)hate solutions are electrolyzed. 

The s])ongy form of lead may be regarded as having a density 
of 1 1*3 and a s])ecific resistance of 0*0000195 ohm. 

Volume Changes of Active Materials. Ordinarily the active 

materials of the two plates are subject to some disintegration. 
The trouble is considerably accentuated witli improper use. par- 
ticularly that of sudden and too rapid discharge. This difficulty 
has, however, claiined the attention of the manufacturer whicli 


it demands, with the result that modern 


cells are far more 
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robust than was formerly the case. They withstand much more 
rapid charge and discharge rates without undue disintegration. 

Charging and discharging processes are attended by con- 
siderable volume changes on the j)art of the active materials. 
Consider first the discharge of the negative plate which involves 
the conversion of — 


Spongv lead 
Pb 


into 

to 


lead sulphate 

PbSO, 


207 
1 1-:3 
207 

11-3 

1 


18-3 


303 
0*3 
303 ^ 

0-3 " 
2*05 


48-0 


Equivalent 
weights — 

Densities 

Relative volumes 
or as 

There is thus a large increase in volume and a similar con- 
traction on charging. In both cases the new volumes have to 
accommodate them.selves to the space in which the materials 
are confined. These changes of volume are to some extent 
responsible for the disintegration of the active materials. Of 
further importance, however, is the fact that the increase in 
volume of the lead to lead sulphate must result in squeezing 
out the acid from the material at a time when it is re(|uire(l 
near the ])late for the reaction to pnjceed. This lack of acid in 
the s])ongy material, which is the most imi)ortant part of the 
acid, leads to some falling off in the behaviour of the cell 
accompanied by a reduction in the e.m.f, developed. After 
standing for a time acid permeates into and through the 
material with an increa.se in the activity and therefore the 
e.m.f., this recuperation on standing, particularly towards the 
end of the discharge, being well recognized. 

Similarly, on the positive plate where there is the change 


from 

Equivalent 
weights — 
Densities 

Relative volumes 
or as 


Lead dioxide 

PbO. 


23tl 

9-3 

239 

9-3 " 
1 


to 

to 


25-7 


lead sulphate 

PbSO^ 

303 
(i-3 
3^3 

6 ^ 


.-7. = 48-6 


1-88 



202 


PRINCIPLES OF ELECTRODEPOSITION 


This change is less marked than that on the negative plate. 
Another important factor arises by the varying concentra- 
tions of the essential acid, that is, that contained in the porous 
material. The e.m.f. of the lead accumulator is a function of 
the concentration of the acid and this variation can be expressed 

by approximate empirical formulae. One expression of this 
type is — 


E.m.f. 1'85 + 0*917(.S— 1) 

where S is tlie specific gravity between the somewhat wide 
limits of from 1*055 to 1*279. Without attaching too much 

< importance to the exactness 

/ > \ I of the expression, it is well 

"" I "1“ known that stronger acid 

gives a higher e.m.f. while 
:: I ZZI r: weaker acid produces a lower 

■ _ _ ■ ~ ‘ e-m.f. Accordingly, if two 

- H^SO^ - . ~H;^S 04 accumulators are setup, one 

■ ■■■ with 15 per cent acid and the 

— I t ” I other with 25 per cent acid, 

Discharge Change ^^e latter will have the larger 

Kir. 53. AorurMULATORS Back to Back f 

back as shown in Iig. 53 
the 25 ])er cent acid cell will discharge through the 15 per cent 
acid cefi, thereby charging it, and this reaction will proceed 
theoretically until both cells have the same strength of acid and 
therefore the same e.m.f. 


: :Z5%\ : 
-4 ~sd4 ; 


■- iis%~ :: 

■ 4 _■ 


Discharge 


Charge 


Fift. 53, Accutmulators Back to Back 


Now the e.m.f. of the accumulator has two components, one 
at each plate. A review of the circumstances arising from the 
relatively slow motion of the acid through the active materials 
will reveal the fact that such impedance to the flow of acid 
adversely affects the P.D. of each plate and therefore the 
e.m.f. of the cell. 


Temperature Coefficient. The accumulator, too, has a small 
temperature coefficient which results in variations of e.m.f. 
with changes of temperature. This change is least noticeable 
when the acid strength corresponds to a density of 1*044 far 
below the usual concentration. The temperature coefficient, 
that is. the variation of e.m.f. per degree Centigrade, is of the 
order of 0*000335 for the usual acid strength, the value de- 
creasing with decrease in acid concentration and being negative 
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with concentrations below a density of 1 -044. Ihuler these latter 
conditions the e.m.f. jwoduced is larger than that corresponding 
to the chemical reactions. The cell therefoi'e cools by the con- 
version of some of its heat energy into the electrical form. 

Electro-chei^try of Lead Accumulator. While tlie simple 

chemical reactions of the lead accumulator were satisfactorily 
expressed by Gladstone and Tribe as far back as 1883, the views 
which they ])ut forward in no way accounted for the accomj)anv- 
ing energy changes. The theory of electrolytic dissociation 
provides a compreliensive view of both chemical and energy 
changes. 

In considering this, take first the case of discharge, and first 

again, that of the positive i>late. Attribute to the active lead 

dioxide a slight solubility, not much of an assum])tion when 

it is recognized that no substance is in the limit insoluble. 

Ihe 1. b 02 at this extreme stale of dilution is completed 
ionized as follows- - 

mK-> !>!).... 20 

Letiavalent 10 ns first formed ])ick u[> two ek'ctrons and tliei’(*b\' 
become reduced to divalent ions - 

Id).... -f-- 2C - Id).. 

Divalent lead ions in contact with SO^ ions combine to form 

first dissolved lead sulphate which is almost immediatelv 
precipitated. 

()n the negative ])late metallic lead |)asses off in the form 
of divalent lead ions thereby releasing two electrons - 


Pb 


-> 


Pb.. ^ 2o 


Again tlie divalent lead ions eoinhine witli ions leading to 

the inoduction of lead sul])hate first in the soluble form which 

IS soon jirecipitatefl. Electrons are therefore passing out from 

the negative plate and being drawn in at the positive, so that 

the conventional current is in the reverse direction. By this it 

will be seen that the simple electro-chemical reaction in the 

discharge of the cell is that of the reduction of tetra valent lead 

to divalent while the opposite charging process effects the 

conversion of the divalent lead in the sulphate into the 
tetravalent form of the dioxide. 

14-1 J/)' 



204 PRINCIPLES OF ELECTRODEPOSITION 

Some Further Points. There are still some phenomena 
associated with the operation of the lead cell which require at 
least some explanation. That of the considerable falling off in 
the e.m.f. at the end of discharge and especially at high rates 
of discharge has already been traced to the changes of con- 
centration of the acid in tlie materials of varying degrees of 
porosity. 

Towards the end of the charge, too, there are points on the 
curve whicli require some comment (Fig. 54). While the bulk 

of the charging process is 
carried out at a P.D. of 
approximately 2*2 to 2'3 
volts there is a marked in- 
crease in voltage required 
to maintain the prescribed 
charging rate toward the 
end of the process, a nor- 
mal figure being 2*6 to 
2-75 volts. Why the 
increase ? 

Fio. 54 . Ac'ctmilatoh (’I'livK.s At the end of the charg- 

ing process the acid is at 
its maximum strength, especially that in the porous active 
materials. The electrolysis of relatively strong acid has already 
been shown to be attended by a number of reactions not common 
to the electrolysis of relatively dilute acid. While the cathode 
reaction is sim])le, involving the liberation of hydrogen, those 
processes at the anode admit of more possibilities. There we 
may have the formation of oxidized products, such, for example, 
as ozone, hydrogen peroxide, and persulphuric acid. 

It was, however, long ago shovm that the addition of such 
substances at an earlier stage did not affect the P.D. so that 
other explanation must be sought. As has already been seen, 
there are unusual electrode reactions occurring during the 
evolution of gases, both hydrogen and oxygen, at their respective 
electrodes. These reactions call for a higher P.D. to discharge 
the elements at certain electrodes in comparison with those 
required at some standard substance. These excess potentials 
or over-voltages are doubtless responsible for the higher e.m.f. 
required to maintain the same charging current towards the 
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end of the process. Some reference to this has already been 
made (see Chapter XIV). 

Energy Efficiency oJ the Cell. The energy efficiency will 
comprise two components, that of the current and that of the 
voltage. Assume average ciiarging and discharging voltages of 
2-4 and T9 volts respectively, and an ampere-hour efficiency 
of 95 per cent. The energy efficiency becomes — 

T9 X 95 

” 75 per cent. 


which may be taken as good o])eration in a new cell. This 
from many causes related to lack of care in use. may, however, 
soon tall to something more of the oider of 50 ])er cent. Accu- 
mulators generally merit more cai*c in o|)eration than is usually 
their lot. 

The Iron-nickel Cell. 4\vo great disadvantages attach to the 
lead accumulator: (1) its large weight per unit of energy 
stored, and (2) its I'elative fragility, this lattei* term signifying 
that some ca>nstruction of a moie lobiist type would be 
welcomed. 

To meet this demand Edison introduced the iron-nickel type 
of cell which is based on the follow ing reaction— 

Ee -i- 2Ni(()H)3 Ee(()H).> t-2Xi(()H)., 

i he following expansion of the ex[)ression will serve to indicate 
the determining features of the cell more clearly. The electro- 
lyte is a 20 ])er cent solution of caustic potash frec^ from other 
compounds and especially chlorides. Tliis solution suffers no 
change of concentration during operation as does the lead cell 
by the absorption and liberation of suli)huric acid during dis- 
charge and charge respectively. The e.m.f. is therefore prac- 
tically independent of the strength of the electrolyte. 

1 he positive ])Iate is of steel, in the pockets of which are 
piessed spirals of nickel strip together with a mixture <jf green 
nickel hydrate and nickel fiakes. The negative j)late is also of 
steel, iitto the small pockets of w hich is pressed a mixture of 
iron reduced from the oxide containing a small amount of 
meicury. Distortion of the ])ositives is guarded against by 
winding the nickel spirals in opposite directions, and the two 
i)lates are separated by ebonite strips. The capacity of the cell 



206 


PKlNCrPLKS OF ELECTRODEPOSITION 


is determined by the amount of these active materials used in 
the processes and this is of the order of 75 per cent. This figure 
is favourable in comparison with the lead cell to which may be 
attached a corresponding value of 50 per cent. 

Volume changes of the active materials during operation are 
small and hence there is little tendency to distortion. Charging 
and discharging voltage curves are shown in Fig. 55, from 
which it will be seen that the average P.D. of charging is 



1-7 volts while that of discharge is 1*2 volts. This is a dis- 
advantageously low value in comparison with the lead cell. 
Again its ampere-hour efficiency is only of the order of 82 per 
cent as compared with 95 per cent for the lead cell, again a 
lower figure. Consequently the energy efficiency works out at — 

1*2 X 82 

— r"= = 58 per cent. 

1*7 

One of the advantageous features of the cell is the weight per 
unit of energy available. Added to this is the extreme robust- 
ness, the cell withstanding rough usage, both electrical in rapid 
charge and discharge, and mechanical in the form of jolting 
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associated with vehicle work. Disadvantages are the use of 
caustic potash, a uot-s(j-convenient electrolvte as sulphuric 
acid, the greater space recpiired for a given output and the 
rapid fall in the e.in.f. at the end of discliarge. the cell therefore 
breaking down with very little notice. 

Cfiemistry of the Cell. During charging the follow ing cheiuical 
changes take place — 

On the |)ositive — 

2XitOH)o • 2()H 2Xi(()H).j 


On the neirative 


Fe(()Hb -* -- IV 2H,() 

Wliile, theretbre, there is no total eliange in the amount of 

eaustie ia)ta.sh contained in tlie electrolyte in tlie two operations 

of charging and discliarging, there arc, as tliese etiuations show, 

local changes accounting for the very slight differences in c.ni.f. 

'fhese ecjuations re])iesent the chemical ('hanges in their barest 

sim|)licity. The distribution of the components of the observed 
e.in.f. is as follows — 


1 

C’lmrge 

1 1 

r 

' U(‘.sl, 

j 

I Osehargo 

Positive j)lute 

1 

G 0 (m 

1 

0-47 

0 45 -0 1 
'►■85 0*8 

Negative plate 

I 05- 11.') 

0-87 

evil . , 

1- 05- 1-80 

$ 

1 ;m 

1-.4 0-9 


The Problem of the Fuel Cell, d'he relatively low efficiency 

of the ju-ocess of transforming the latent energy of many 
natural fuels, coal for example, into electrical energy has been 
a problem which has attracted a vast amount of attention in 
the world of engineering. 'r\\enty years or so ago we \\ere 
mourning the very low efficiencies which ruled in the power 
station.s supplying the electrical energy for general li.rhtinL/ 
and industrial work. 'I’liis efficiency was of the order of 7o per 
<ent. and even lower in many ca.ses. In proce.ss of time larger 
power stations combining every modern improvement in 
design and operation, including that of higher superheat of the 
stcaim. preheated air supply, utilizing heat from the flue mises 
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more efficient condensing systems with the return of a larger 
proportion of the heat of the waste steam to the incoming 
water, have succeeded in raising this figure to somewhere of 
the order of 25 per cent witli very fittle prospect of increasing 
it beyond 30 per cent. The advances so far made have resulted 
in a welcome reduction of the consumption of fuel per unit 
of energy available for distribution, but the use of water and 
steam as the medium for this transformation of energy, defi- 
nitely limits the efficiency figure by reason of the latent heat 
of the steam, so much of which is unrecoverable and passes 
away in the cooling water. 

Small wonder, then, that attention has been turned to the 
possibility of the more direct conversion of the energy of coal 
into the electrical form. 

If we ma}’^ once again revert to the case of the Daniell cell 
we have here an example of the combustion of a substance, 
zinc, which bears some analogy to coal in such a manner that 
its latent energy is almost completely converted into the elec- 
trical form. The mere admixture of zinc and copper sulphate 
may, however, result, as has been referred to on page 148, in 
the production of heat, and definite arrangements are required 
in order to effect a quantitative transformation of the energy 
of zinc into electrical energy. 

Similarly, many attem])ts, some of them very crude both in 
design and operation, have been made to achieve this desirable 
end with coal. Space does not permit, nor does the occasion 
require, any rehearsal of these abortive attempts, but it was 
obviously altogether too crude an idea to suggest the possibility 
of the direct conversion of the energy of coal into the electrical 
form by making lumps of coal “anodes” in an iron tank which 
served as the cathode, and which contained electrolytes of 
fused salts with the introduction of oxygen or air to effect the 
combustion of the coal. These and similar attemj)ts were made 
without any recognition of the fact that in all examples of 
voltaic cells previously considered the active materials are in 
the ionic form. Moreover, the recorded results were for the 
most part altogether out of harmony with what might have 
been expected, and in many cases exceeded the theoretical 
possibilities, regardless of the external heat applied to keep 
the materials in the molten form. 
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Passing from these early cells employing solid fuel, others 
using gaseous fuels were tried out. Carbon, for example, can be 
converted — with the loss of about 30 per cent of its total 
energy — into carbon monoxide. This is soluble in a number of 
reagents including cuprous chloride, in which contact with 
oxygen can be effected, bringing about its conversion to carbon 
dioxide. Hydrogen again is possible of eIectrol 3 Tic oxidation 
with the development of electrical energ^^ but the gas has 
first to be obtained b}^ the use of some natural fuel. A more 
indirect method of working is that of the electrolytic oxidation 
of a metal electrode and the cyclical re-extraction of the metal 
from the product of oxidation. Zinc, for example, could be 
oxidized b^^ the use of some fused electrolyte into which aii* is 
continuously introduced with the subsequent recovery of the 
metal by solid fuel. The thermal extraction of zinc from its 
oxide, however, is one of the least efficient of the.se metallur- 


gical extractions, a7id therefore a less basic and more easily 
recoverable metal is to be preferred. For this purpose tin has 
been sugge.sted and experimented with, with some success. 

In each and all of these attempts, however, the problems of 
polarization arise, together with that of the volume of the cell 
in relation to energ}^ out|)ut. The problem is one which seems 
to have merited some attention* from those qualified to discern 


the possibilities and to avoid the initial difficulties, and while 


some success has attended the early stages of the more scien- 
tific investigation of the ])roblem, there still seems to be a long 
distance to travel before the ^oal of an efficient fuel cell is 

C i 


attained. 


* Kvaiis and Kideal : Tranfi. Farwiay Soc. 17. 4a<), 






CHAPTER XVI 

HYDROGEN ION CONCENTRATION 

^ the numerous chemical reactions which 

ytic d.ssociatmn, those related to the acids are of first im- 
portance. It has previously been pointed out that aU acidic 
reactions must be referred back to the hydrogen ion, which is 
a common product of the dissociation of acids. It is, moreover 

dlSeir^ are degrees of strength or activity in the 

tTfinn "i°^ hydrogen ions. Hence hydrogen ion concen- 
tiation provides an important term in electro-chemistry, and 

ApJhT in many processes of electrodeposition. 

Aci^, Alk^, and Neutralization. The action of acids on 
ndicators, their neutralization of alkahs and other general 
properties must be traced to some common cause. This first 
cause relates to the presence and concentration of hydrogen 
ions which they develop. Similarly, the alkahs are alkahne 
ecause o le common OH ion developed by dissociation. 
Again, there are quite different degrees of concentration of 
these hydroxyl ions, accounting for the range of alkahnity 
ami lar to the chemical student. Further, the process of 
neutralization has already been traced to the combination of 
these common ions of acids and alkalis to form molecular water 
with its only very slight degree of dissociation. 

Acids and Acidity. There is, therefore, need for distinguishing 

clearly between the terras acid and acidity. There are many 

substances called acids which in some forms show little or 

no sign of acidity. It is frequently said that acid is added to 

water to make tlie latter substance conductive. This is 
erroneous. 

The added acid suffers j)artial dissociation. The acidic and 
conductive properties of the solution are due in part to the 
concentiation of the hydrogen ions. Undissociated molecules 

take no primary part in the reactions usually attributed to the 

%/ 
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acids They do not add to conductance, but bv the withdrawal 
of deposition or in the course 

the acid ^ ^ furtlier dissociation of more molecules of 

anmimr^^*""®! '”T- ^'oncerned with not the total 

amount of acid jiut m, but with that iiortion which has under- 

gone dissociation. The total amount of acid is readily estimated 

any of the usual processes of titration, but in' the deter- 

whSl"’" 'nnst be allowed to take place 

titrat on ^ concentration. Alkali 

titiation i.s therefore quite out of the question. 

he Ph Scale. Hydrogen ion concentration has for many 
.V ears been e.xpres.sed on a scale which has come to be calle'd 

recl-, nUr''' '' ii^“''" v *’y<^"«gen ion concentration is 

tha t w n 7 " ""f^'b'csted by Sorensen 

llilicii le " II II'" This simple 

1 nnciplo IS well illustrated by the following table (LV) 


tahij-: lv 


Pn SCALE 


Giir ( Un. j 1 Ions 

Lo^urithni or 

Pj, Value 

1 

I or 10" 1 

u 

lo , 

i0« 

I 

100 . 

102 

j 

2 

I 000 . 

10-' 


loooo , 

lo« 

• 1 

1 

100 000 . 

10- 

T 

• k 

I 000 000 , 

, 10'* 

1 

1 

• / 

0 


f.« T,:rdec“:i:ed' ‘sK , ‘"= “ -«'■) - 



212 


PRINCIPLES OF ELECTRODEPOSITION 


According to this designation — 


Ph 


log litres containing 1 gm. H. 
log ^ 


concentration of H. in gm. /litre. 


Ph — — log (H.) where (H.) represents the concentration 

of H ions in gm. per litre. 

this representing the simple relationship between p,i and the 
concentration of hydrogen ions. 

To take a few examples, consider some of the well-known 
acids in different stages of dilution. From conductivity results 
we have their degrees of dissociation as follows (Table LVI)— 


TABLE LVI 

DISSOCIATION OF ACIDS AND p,j 


Acid 

Normality 

y. 

Normality 
H Ions 

Litres per 
Gm. H 
Ions 

Ph 

HjSO, . 

1 

0-52 

0-52 

1-923 

0-28 


(M 

0-59 

0-059 

l()-95 

1-229 


00 1 

0-81 

0 0081 

123-4 

2-091 


0 001 

0-945 

0-000945 

1 058-2 

3-0245 

HCl 

1 

0-79 

0-79 

1-26 

0-1004 


01 

0-92 

0-092 

10-87 

1-036 


001 

0-97 

0-0097 

103-1 

2-013 


O-OOl 

0-99 

0-00099 

1 010 

3-004 

H . C 2 H 3 O 2 

1 

0-0038 

0-0038 

263 

2-42 


01 

0-0131 

0-0013 

770 

2-88 


001 

0-041 

0-00041 

2 440 

3-38 


O-OOI 

0117 

0-000117 

8 550 

3-93 


It is not usual to express the p„ value of relatively strong 
acid solutions, but there are numerous examples in which 
acidity is of a very low oi'der and is much more conveniently 
expressed on this scale. A few figures will be of interest. In 
addition to those given in the foregoing table it may be re- 
called that the ionization of pure water as obtained by careful 
conductance measurements gives a hydrogen ion concentration 
of 1 gm. in 12 500 000 litres. The logarithm of this number is 
7*097 and the p„ of pure conductivity water is therefore 7*097. 
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The figure is usually approximately taken as 7. In this case, 
however, the hj^drogen ion concentration is exactly balanced 
by a similar concentration of OH ions, and the liquid is there- 
fore neutral though it still has a p„ value expressing its con- 
centration of hvdrogen ions. 

Similarly, the strongest alkali solution lias a ])„ of about 14, 
this figure ex|)ressing the fact that the dissociation of the pure 
water in which a large amount of alkali has been dissolved 
has been supjires.sed to the extent that there is now only 
1 gm. of hydrogen ions in 100 ()(I0 000 UOO 01)0 litres of the 
solution. Hence, given the hydrogen ion concentration, we can 
easily express this on the j),, scale. Thus — 

Find the p„ of a solution of sulphuric acid of milli-normal 
strength with a degree of dissociation of 0-945. Here the nor- 
mality will be O'Odo 1 OOO — 0-0OO04.a, and the volume con- 
taining 1 gm. of hydrogen ions will be 1 ; o-)ioo<)4.i . 1 0,‘)8-2. 

'Phe log of 1 0.')8-2 is .■k024r). and lliis lliei'cforc is the value on 
the p„ scale. 

( ouN'crsely. iind tlic lii’diogen ion concentration of a solution 

with a p,| value of .■)■(), this being somewhere near flic value of 

an ordinary nickel plating solution. Now nO is the log of ;}-98, 

and with the characteristic of f. this number will be multiplied 

by I0-' giving tin; concentration of hydrogen ions as 1 am ])er 
998 000 litres. 

Influence ot Hydi-ogen Ion Concentration in Electrodeposi- 
tion. ft has long been recognized that the degree of acidity 
markedly affects the deimsition conditions in the cases of a 
number of metals, tho.se especially which are o))erated under 
conditions formerly called nearly' neutral. A nickel solution, 
for exam])le, worked well with an acidity which just turned 
litmus red, while unsatisfactory results followed upon an 
alkalinity wliicli just turned rod litmus blue, and these were 
then the only tests ai)plied. More recently it has been shown 
that very slight changes of aciditv are severely reflected in 
chemical reactions of the hydrolysi.s type. Thus With a cham/e 
of p„ from 4 to ()-4 'S/lO ferrous sulphate hydrolyzes, a similar 
reaction taking place with ferric sulphate of K/\0 streno-th at 
a p„ of r, to (5 resulting in the precipitation of the hydroxides or 
their production in the colloidal form, either of' which may 
mfhience the character of the deposit. The iron sulphates are 
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likely impurities in nickel solutions. Some more exact control 
of p„ therefore becomes necessary, and the same condition 
applies also to the deposition of zinc from its sulphate solution 
requiring a more accurate control of acidity than is possible 
with either litmus or congo red papers. 

Measurement of Ph* Now it has come to be recognized that 
p„ values are of extreme importance in many industries, and a 
simple method of approximately determining this value became 
an urgent need. The use of indicators qualitatively is familiar 
to every chemical student. Their ap])lication to acid and alkali 
titrations constitutes a step towards their c|uantitative use. 
Those in common use have their varying degrees of sensitivity 
and also their ranges over which they function. Some of these 

O * 

values are shown in Table LVII. 

TABLE L\'U 
(’OMMOX INDICATORS 


; C’olour I 

Indicator ■ . Range 



j Acid 

Alkali 1 


1 

J.iitnuis 

1 

1 

Red 

Bine 

T) - 8 

Methyl oniiigo 

Pink 

Yellow 

•20 4 

Congo rod 

iUuo 

1 Red , 

0 5 

PhoMolphtlialoin 

Colourlos.'N 

Violet 

8-3 10 


From this table it will aj)[)ear that ])henoiphthaIein is the 
most sensitive, with litmus not far behind, diethyl orange is 
relatively crude, and it will be recalled that its use in acidimetrv 
is dependent upon its insensitivity to carbonic acid so that it 
can be used in the titration of carbonates. 

Moreover, while litmus is sensitive, it suffers from the dis- 
advantat^e tliat the change of colour from red to blue or vice 
versa is not sharply defined. 

There are, however, many indicators which with their 
different degrees of sensitivity also show well-defined tran- 
sitional coloiu's with slightly varying degrees of acidity. A 
number of these a!*e indic^ated in Table L\ III. 
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TABLE LVlIl 
]>„ OF INDICATORS 


lrf(li(!ator 

1 1 

1 1 

(’olour Kan^t* 

1 

p„ Range 

1 

Thymol blue 

Red to 

yellow 

1-2 2-S 

Brom phenol blue 

Yellow 

to >)luo 

1 :T0-4-6 

Methyl red . j 

0 

A 

yellow 

c 

4-4 H O 

Brom cresol ])urplo . i 

Yellow 

to purple . 


Brom thymol blue 

V 

Yellow 

1 

to blue 

60-7-6 


'riiese are but a few of the many which will be found in tlie 
catalogues of the chemical supply houses. Each has its own 
range of application and altogether they cover a wide range. 

There are, further, some indicators which give decided colour 
changes over a very wide range. These are generally known as 
universal indicators, and the following colour (changes take 
place in the so-called ‘Tour-eleven” indicator of Ib’itish Diug 
Houses, Ltd. 


u}> t o 

Bed 

p„ ti)) to S'C 

( I'reen 

bO 

Det'pej* red 

S-f) 

Bluish green 

50 

Orange red 

0-0 

(JnM'Tjish blue 

5-5 

Orartge 

0-5 

Blue 

60 

Oranj^t* yellow 

loo 

V'iolet 

6-5 

Yellow 

lo-f) 

Reddish violet 

i 4 '•} 

(jlreenisb \(dlow 

l\u 

DeejKM' reddish 


violet 


Appropriately applied (that is, in accordance with the in- 
structions of the makers) such an indicator gives a quick and 
approximate idea of the ]>„ of a solution tested. 

A more accurate figure can then be obtained bv the use of 
one or other of the indieators y)rcviou.sly inentioiieci, these 
t)eing set up in definite strengtlis by the makers, who also 
prescribe the relative volumes of solution and indicator to be 
mixed and also .suj)))ly standard colotirs against which these 
mixtures are to he matched. 


Theory of Indicators. Some ex])lanation of the behaviour of 
indicators is now called for to offer reason for their use and 
range of their ai)plication. They, for the most part, find their 
ai)plication by reason that they are weak acids. In solution, 
they are dissociated. Kach ))roduces at least one ion which is 
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coloured differently from the molecular or undissociated sub- 
stance. Being of the weak acid type, their dissociation is sup- 
pressed by the addition of acid, that is, an increase in hydrogen 
ion concentration, and with this suppression of dissociation 
there is the marked change of colour. They exhibit markedly 
different degrees of sensitiveness. 

As weak acids they may be regarded as dissociating thus — 

HX ^ H. + X- 

where the ion X has a colour different from that of the molecu- 
lar HX. In use, very small Cjuantities are necessary, altogether 
insufficient to alter the hydrogen ion concentration of the liquid 
under test. In the ionic form they exhibit colour, while in the 
undissociated form they may even be colourless as in the case 
of phenolphthalein. Where the molecular material has a colour 
of its own the colour of the indicator in solution will vary with 
the degree of dissociation. If, for example, the indicator is 
20 j)er cent dissociated, the resulting colour will be that due 
to 80 ])er cent of the molecular material and 20 j)er cent of the 
ionic. Their dissociation constants will be given by the usual 
expression— 

.. C„ X C, 


and the values for some of these are given in Table LIX. 


TABLE LIX 

DISSOCIATION CONSTANTS OF INDIC.VTOKS 


Naint' 

1 

Dis.sociation Constant 

Methyl orange 

1 

4 X 10“* 

Methyl red . . . i 

I X 10-^ 

Litmus .... 

I X I0-’ 

Thymol blue . 

1 X 10-“ 

Phenolphthalein 

1 X 10-^“ 


The colour change of an indicator takes place within a 
narrow range of the corres])onding with its dissociation 
constant. 

Of these methyl orange is the least sensitive wliile phenol- 
phthalein is the most sensitive, accounting for the u.se of methyl 
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orange in titrating carbonates with the evolution of carbonic 
acid gas which would affect phenolphthalein. 

The course of a titration can now be followed by observing the 
changes of hydrogen ion concentration with the progress of 
neutralization. Suppose, for example, we are titrating 50 c.c. of 
decinormal hydrochloric acid with cauvstic soda of equivalent 
strength. 

With the addition of 49*0 c.c. of the alkali solution the con- 
centration of the hydrogen ions (always assuming complete 
dissociation) will be — 


01 

99*9 


X 10 ^ r-r 0-()00l .-T 10 •* 


and as the pj, value is the reciprocal of the logarithm of the 
hydrogen ion concentration its value is now 4. 

Next, with the addition of exactly 50 c.c. of the alkali, 
neutrality will have been reached, when the p„ of the solution 
will be that of pure water, that is 7. 

With the addition of O-I c*.c. of alkali in excess of this neutral 
point, the concentration of the livdroxyl ions will be— 

0-1 

X lO'^ — 0-0001 ^ 


100-1 


lo 


Now the product of the hydrogen and l)vdr()xvl concentra- 
tions is, as lias been seen, 10 so that in tliis ease the hydrogen 
ion eonoentration is 10 “ y- 10 * lo i« and the ji,', of the 
solution is now 10. 

Tims, hy the addition of 0-2 e.c. of alkali (in this ca.se N/10) 

acid there has been the sudden 
change of p„ from 4 to lO. It is obvious therefore that the 
prei)aration of solutions as standards of ])„ cannot be under- 
taken with strong ac'ids and alkalis. Such standards are Tiiade 
by the admixture of weak acids and their salts. 

Willi reference to the use of indicators, the range of })ji 4 to 
p„ K) is well outside the figure for methyl orange, anti with it 
the end point is not well defined. Wdth other indicators, how^- 
ev^ei , su(,‘h as litmus, methyl red. and phenolphthalein more 
exact neutralizations are possible. Phenolphthalein is affected 
by ( ().^ which may be present in impure alkalis, wdiile litmus 
suffeis from the disadvantage of merging slowly from the 
alkaline blue to the acid red. 
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Buffering Reugents. Not only, therefore, does the nieasure- 
inent of the acidity become important but also its control. If 
a nickel anode dissolves inefficiently, sulphuric acid is formed 
and the ]>„ falls. If, on the other hand, the anode efficiency is 
good but that at the cathode is poor, then alkaline conditions 
lesult. Moreover, the conditions which are most important are 
those of tlie film of electrolyte on the surface of the cathode 
which may differ materially from those of the main bulk of the 
solution. This alkalinity at the cathode film may be advan- 
tageous or otherwise, but nevertheless with low cathode 
effi(*iency it is there and its |)0S8ibiIities should be known. It 
has been more than suggested by Macnaughtan and Hammond* 
that nickel hydroxide in the colloidal form at the cathode may 
exert a beneficial effect on the dei)osit in conformity with the 
well-known improvement in the physical characteristics of 
deposits in the j)resence of colloids, and conditions which 
favour the retention of tlie nickel hydroxide in the colloidal 
form, simultaneously increase the hardness of the deposit. 
Such stabilization of the colloid is favoured by the presence of 
alkali ions and also a high ])^i. On the other hand, flocculation 
of the colloid occurs in the presence of the chlorine ion. and this 
ion is known to reduce the hardness of nickel deposits. The 

maintenance of a predeteimined desirable pi, is therefore of 
importance. 

Ihis control is obtained by the use of "buffering” reagents, 
whicli may be defined as substances which, by their presence, 
resist changes of acidity. More generally, buffer reagents may 
be regarded as substances whicli maintain constancy of con- 
centration of any ion. For the 2 )resent the term is being a})plied 
to the maintenance of uniform ])„. 

As a simple illustration, equal quantities of sulphuric acid 
are added to equal volumes of (1) distilled water and (2) a 
weak solution of sodium acetate and the p„ values of the 
mixtures determined. Tliat of the sodium acetate is found to 
be much highei- than that of the water. ISodium acetate has 
resisted a change of acidity l)v the chemical change indicated 
in the eejuation — 

2Na.C2H3()., + H28O4 Xa.^SO^ r 


7'rans. Faradai/ Soc. |193l), \’oI. XXVII. p. H.S.'I. 
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According to the equation the two acids are in exactl}’’ 
equivalent proportions. Their degrees of dissociation are, how- 
ever, markedly different. This is exemj)lified in the following 
data — 


TABLE LX 

DISSOCLA'riOX OK Sl'LPHlMUC ANM) 

ACITPU’ ACIDS 



i 1 » 

r ra 

1 

1 

ct ion 1 lis'ociatod 


j N 

01 X 

001 X 

IL>S(),, . 

1 

1 O*.") 1 7 

' O-oHS 

! OS 04 

H . CLHyO. . 1 

1 

o-aoj 

o-oi:j 

\ 

\ 

0-041 


Acetic acid produces a far smaller proportion of hydrogen 
ions tlian an eciuivalent of sulphuih* acid. Sodium acetate 
reduces the degree of acidity which would othei'wise. in its 
absence, be deveIo[)ed. Formerly, when nickel anodes were far 
less elticient than they are ^ 
now. such salts of weak 
acids were common a<kli- 
tions to the nickel bath. 

Similarly, the curve in Fig. 

5b shows the result of the $ 
additionof hydro('hloric acid 
to water and to a solution 
ofammoniiun acetate. Simi- 
lar results accrue to the 
addition of the salts of w'eak 



a 


Kk;. .")(). Action of 

.Vmmonhjm ACIvTATK 


Increasing Addition of HCL 

Again, boric acid is a weak 
acid. If, to a boric acid solu- 
tion, additions of alkali are made, there is little change in the ])„ 
of the mixture. As hydrogen ions are removed l)v the alkali 
more are immediately forthcoming, and also to a limited extent 
by the further dissociation of some of the large proportion of 
the undissociated boric acid. 15oric acid, therefore, buffers a 
solution against changes of p„ with the addition of alkalis. 

1 his is the reason for its introduction into the nickel bath as 

‘5 ' i .«73l 
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alkaline conditions developing at the cathode may give rise to 
hydrolysis of the several salts contained in the solution with 
the detrimental precipitation of the hydroxides. A nickel 
solution containing boric acid suffers less change of pn with 
alkali additions than one in which this acid, or its equivalent, 
is absent. 

Buffer Standards. Solutions of definite Ph values may there- 
fore readily be made up of mixtures of weak acids and their 
salts. Such mixtures are — 

Citric acid and sodium citrate, 

Acetic acid and sodium acetate, 

Boric acid and borax, 

Sodium carbonate and sodium bicarbonate, 

Disodium hydrogen phosphate and hydrogen disodium 

phosphate. 

The following are a few examj^les (Table LXI) — 

TABLE LXI 


STANDARD BUFFER SOLUTIONS 


Ph 

Composition 

1 

4 ' 

1 64 c.o. N/.5 11 A. 

36 

c.c. N/5 Na.V. 



0 

59 c.c. 

141 

C.C# 9 9 



(> 

9 c.c. ,, 

191 

c.c. 99 


M/20 NaCl 

7 

1 2 c.c. M/20 borax. 


188 c.c. M/5 boric 

acid* and 

8 

.55 c.c. ,, ,, 


145 c.c. ,, 


yy 

9 

160 c.c. ,, ,, 


40 c.c. ,, 

yy 

yy 


* 12-4()gm. I- 13 B 03 . 


Many others are available. They constitute solutions of 
standard acidity in which definite colours can be produced 


with indicators for comparison ])urposes. 

Ph Control in Alkaline Plating Solutions. The Ph values for 

the usual run of alkaline depositing solutions were formerly 
not considered to be of great importance. More recently, how- 
ever, definite optimum values have been determined and much 
closer attention is now being ])aid to this property with iul 
proved results in electrodejmsition. The work of Springer 
and Hogaboomf must be referred to in this connection, lu 


♦ Metal Ind., N.V., April, 1937. 
t Metal Ind.y 24th September, 1037 
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these solutions much depends upon anode and cathode efficien- 
cies and tliese liave been shown to be considerabl}'' influenced 
by changes in p„, necessitating control over this factor for 
successful deposition. Some of the results obtained by Hoga- 
boom are of considerable interest. They were obtained in wliat 
may be called solutions of ordinary composition such as are in 
general workshop use. p„ values were determined with a com- 
I>arator and anode and cathode efficiencies noted. As an 
exam])le of tlie results obtained the follo\A'ing figures (Table 
LXII) I'efer to a cyanide copper solution of noi’inal comjmsition 
and woiking under ordinary conditions. 


TAHLK LXII 

[)„ AND KLKDrUODK KFKICI KNCIKS 

SOLD riON 


IN eVANIDK COPREH 


1 

.A IKK if Ftr. 

1 

! 

C.al liodo 

1 l-s 

lull) 

1 

SS-!» 

1 2-2 

Mil A 

HH-U 

12-6 

l0]-0 1 

S7-4 

l;i 

iM)-2 

S9-;i 

i;l4 


8G-3 


From these figures it is obvious that a ])„ of 13 is eritical 
and reejuires eorrectiug, wliicdi can he done by tlie judicious 
addition of sul|)huric acid witli a little loss of cyanide. Again 
a zinc cyanide .solution gave the following results— 

lAHl.E LXIll 

|'„ -WD LLHCI'KODIO I'U'FK’l KNCI KS OF ZINC CYANIDK 


SOUTION 

Pii AikkIo KfL 

j Civthode KU. 

L. 

1 

I:F4 ' 104 

98-2 

1'^ 42') 

98-2 

120 

98-2 

12 2 13-2 ! 

98-9 


lhe.se aie e.xaui])les only, and may be regarded as sufficientlv 
e\idenlial of tlie fact that some attention to this factor is 
nece.ssary m the control of these alkaline .solutions. The orimnal 
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papers should be consulted for greater details. In the same 
series of tests silver solutions showed the widest range in Ph 
values over good working conditions, and alloy deposition in 
the case of brass revealed some interesting results in that a 
cold solution run at j)h 13-4 gave a deposit of the same colour 
as a warm solution at p„ 12-2, although the zinc-copper ratios 
were different. There is evidently some connection here 
between })„ and the crystal size and orientation. 

Making the Ph Test (Colorimetric Method). There are now 

available many forms of apparatus for this test. In general, 
they com])rise standard tubes in which definite volumes of 
solution to be tested are mixed with the ])rescribed volumes of 
the specified indicator, the mixture being made uniform by 
shaking. The colour |)roduced is then matched against a series 
of standard colours. These mav be coloured solutions or discs 
of coloured glasses suitably mounted so that they can in turn 
be brought alongside the solution under test and comjmred. 

An early type of this test involved the use of capillary tubes 
in which vei’v small amounts of solution and indicator were 


needed, the standards also being mounted in the same ty[)e of 
tube. They were, however, fragile and needed replacement by 
a more robust type. These are now in common use under the 
name of Comparators. These as set u]) are not costly unless a 
wide range of p„ is reejuired. The several industries have their 
individual recpiirements regarding j)„ range. This simplifies the 
testing set and reduces the cost. Such simple sets have found 
extensive use in manv industries. 

The Lovibond Comparator (Fig. a?) comprises a bakelite case 
with two compartments to contain the test tubes with the 
solution under examination. Behind is an opal glass screen, 
and in front two circular o])enings coinciding with the test 
tubes. The standard colour discs are mounted in a circular 
bakelite frame and fitted so that the frame can be rotated to 


bring the individual discs opposite one of the apertures, while 
the tube containing the mixture of solution and indicator is 
o])posite the other aperture. The coloured discs are then 
brought into ])osition for com])arison b}" rotating the frame and 
the colour matched. These arrangements are made so that 
behind the colour disc there will be a tube of solution undei 
test but without the addition of indicator, while through the 

















224 


PRIXOTPLES OF ELECTRODEPOSITION 


other a{)erture the mixture of solution and indicator will be 
viewed. Nine colour discs are mounted in a frame with succes- 


sive differences of })„ of 0-2, so that between any two consecutive 
discs it will be easy to judge the intermediate p„ to 0-1. 

The B.D.H. Comparator is a variation in which the solution 
under test is jdaced between two standards so that a quicker 
and more accurate comparison can be made. Again, in a 
bakelite case, arrangements are made for six test tubes arranged 

4 as shown in Fig. 58 so that the 

mixture of solution with the 
standard indicator can be 
viewed between tubes of the 



SZ 55 53 


6-1 64 6-7 


Fkj. Pjj Tf:st 


solution standing behind two 
consecutive buffer solutions 


while a tube of distilled water in front of the sample gives a similar 
thickness of liquid. Such standard buffers cannot be regarded as 
too permanent and it is recommended that they be checked 
against freshly made standards from time to time over periods of 


aboixt six months. The case contains altogether fourteen tubes, 
nine of which are standard buffer solutions, another one contain- 


ing the standard indicator solution which is measured out by 
means of a small ap])ropriate ])ipette, and the remaining four 
tubes are available for holding the solution under test, two 
without and one with the indicator, while the fourth will 


contain the distilled water. A comparison of these results 
with those obtained by more accurate means will later be made. 

Other and simple methods for the apjn’oximate determina- 
tion of hydrogen ion concentration include the use of a series 
of test ])apers. In one type these contain a number of colour 
stri|)es with a band indicator A. Immersion in the solution 
changes the colour of the indicator band, this then being 
matched against the coloured strijxes on either side of the 
indicator. The })rinciple will readily be appreciated from 


Fig. 51). 

Electro-metric Method. The determination of the ])h of a 
solution is caj^able of more accurate results by the electio- 
metric method in which the potential of an electrode im- 
mersed in the solution depends upon the concentration of the 
hydrogen ions. For this purj^ose there are a number of different 
electrodes two of which, in more common use, will be described. 



HYDROGEN ION CONCENTRATION 


One of these is the hydrogen electrode and the other the 
quinhydrone electrode. 

Hydrogen Electrode. This is set up in the manner already 
described in the case of the normal hydrogtm (‘lectrode except 
that, replacing the twice normal sulphuric acid, the solution 
under test is used. A platinized platinum plate is inserted 
in it and fed with pure hydrogen to constitute tlie electiode. 
d'hc Ph of this electi*od(^ is invei’sely })ro|)ortional to the ])oten- 



Kui. ()0 


tial developed. In making a determination the same care 
is required in setting up the electrode as has already been 
described in Chai)ter XIII. Tlie liydrogen electrod(^ is then 
])ut in connection with a relerence oi- standard {*l(‘cti‘()dc w Inch 
may be eithei' the noiinal hydrogen electrodt' or out* of th<‘ 
three calomel half cells, and in most ca.scs a .salt bridge will be 
nece.ssary in order to establish connection between the two 
halt-cells. The e.m.f. of this arrangement is then com[)ared 
with that of a standard cell, sucli as the Weston cell, by the use 
ot the potentiometer. The simple arrangement is shown in 
Idg. ()U, in which AB is tlie jiotentiometer wire carrying a fall 
of potential derived from the cell (C), through a rheostat {R). 
(ir) represents the Weston cell which, through the tapping key 
and galvanometer [G), serves to standardize the potentio- 
meter wire. The Weston cell is then replaced by the chain 
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of the hydrogen electrode {HE), salt bridge {SB), and calomel 
electrode {CE), so that the mercury of the calomel electrode is 
connected with the positive terminal of the potentiometer 
wire. The new point of no deflection of the galvanometer needle 
is found so that the length can be compared with that of the 
Weston cell. The e.m.f. thus determined is that between the 
platinum of the hydrogen cell and the mercury of the calomel 
cell. At a temperature approximating to 18° to 20° C. this 
e.m.f. is converted into p^ by the following formula — 

E — 0*059p„ + 0*25- 

where 0*25 is the potential of the saturated calomel electrode 
against the normal hydrogen standard. Then — 

E— 0*25 
“ 0-059 

Ihis method carries the advantages of accuracy with read- 
ings approximating to 0*02 on the p„ scale. It is applicable to 
coloured solutions and involves the use of stable electrical 
standards. The equipment is somewhat elaborate and therefore 
not easily portable and, moreover, calls for skilful manipulation. 
It is not available for liquids the Ph of which is due in some 
measure to the presence of dissolved gases such as CO 2 , as 
these would be displaced by the hydrogen bubbled through 
with consequent change of p„. 

Portable Potentiometers. The frequency with which p,, 
readings are required in many industries, and other applications 
of the principle, necessitate some simjfle portable and compact 
form of apparatus with which they can be quickly and 
accurately taken. One such form is shown in Fig. 61. This 
illustrates a potentiometer on which potential measurements 
are made on a resistance comprising five 90 ohm coils operated 
with a simple dial switch in series with which a sixth coil of 
the same resistance is fitted with a sliding contact on a large 
dial switch carrying 200 divisions. 

Compactly fitted in a suitable cabinet are a millivoltmeter 
and rheostat. By means of an external battery the adjustment 
of the battery rheostat effects the standardization of the volt- 
meter so that each coil corresponds to 0*2 volt, while the 200 
divisions on the larger dial eacli represent 0*001 volt. 
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After standardization a second ta[)j)ing key is a[)plied to 
bring tlie millivoltmeter across the sliding contact, so that the 
reading can be taken when the balance is obtained on the 
sliding w ire. 

It will be appreciated that each millivolt corresponds to 
about 0-02 pu. From tlie Xernst ecjuation (see i»age ITS)-- 

E ~ 0-0, )8 log “ 




l*()KT VUI.K 


Fotentiomki'kii 


where C and c represent ionic concentrations. In the case of 
hydrogen a tenfokl increase I’epresents a variation of ])„ of 
unity so that the conesponding E is 0-0.78 volt. When E one 
millivolt the con-esponding change in p„ is therefore 


0 - 00 ] 


0-058 = 0-018 


approximately. A further modification consists in the calibra- 
tion of the scale in terms of p^,. 

The Quinhydrone Electrode. This is based on the fact tliat 
quinone is reduced by hydrogen to hydrorpiinone 
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(CeHgOg). The reaction is reversible in a solution containing 
hydrogen ions when — 

C6HA + 2H.^C6Hg02 + 2 g. 

Quinhydrone is a molecular compound of these two substances 
and dissociates into the two components, which are therefore 
present in molecular quantities when dissolved in water. 
These proportions are therefore constant. The reduction of 
quinone to hydroquinone proceeds with the presence of 
hydrogen ions, but for this to take place there must be the 
facilities for the removal of the liberated positive electricity or, 
what is the same, the acquisition of electrons. This is achieved 
by the introduction of a platinum electrode similar to that 
used in the hydrogen electrode, and coupling this as a half-cell 
to either a calomel electrode or to a standard hydrogen elec- 
trode. Quinhydrone is a sparingly soluble substance and the 
addition of a few crystals to the solution to be tested assures 
saturation and therefore constant strength. 

In this system the potential developed by the platinum 
electrode is a function of the hydrogen ion concentration which 
is thus easily determined. The system is represented as 
follows — 

Hg/Hg 2 Cl 2 . KCl (sat.)//Solution with quinhydrone/Pt. 

Simply stated this quinhydrone electrode has a potential 
ex{)ressed by the following formula — 

0-453 — E 


If there is an excess of either quinone or hydroquinone this 
constant 0-453 requires modification. 

Alternatively, a normal hydrogen electrode may replace the 
saturated calomel electrode in which case the ex]}ression 
becomes — 

E =: 0-704 + 0-058 logio(H) 

It will be remembered, however, that the usual designation 
of hydrogen ion concentration is on the pn scale which expresses 
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the logarithm of the number of litres containing 1 gm. of 
hydrogen ions. 

p„ is therefore ~ logio(H) 

and hence 


Pm -- - logio(H) 


0-704 - E 

d-T)58~^ 


Advantages attaching to the use of the quinhydrone electrode 
are (1) it attains equilibrium more rapidly than that of hydro- 
gen. (2) it does not involve the ]>reparation and use of a gas, 
and (.4) more important still in the investigation of the jj^ of 
solutions in whicli there may be impurities which are apt to 
impair the spongy platinum on the hydrogen electrode, it is 
unatlected by tliese impurities. 4’hes(‘ ad\'anlages account for 
its extended use in connection witli the determination of the 
p,( ot nickel-plating solutions. This (juinhvdrone electrode, 
liowever, is not suitable for the deteiiuination of }),i values 
which exceed 8, as with any degree of alkalinity there is not the 
constant relation of unity l)etv'een tlie (juinone and hvdro- 
((uinone. Modifications of the system can then bo made with 
some variations of the ex])ression of the p„ values, but these 
need not be considered here. 

Comparison of Methods. By the methods described, some- 
what different figures are obtained for the same solution. The 
colorimetric; method is obviously simple and easy of manipula- 
tion and usually gives results which are reproducible to O-l p„. 
These were for long accepted as sufficiently accurate, but later, 
wlien tlie (luinhydroiie electrode was airplied with a view to 
obtaining more accurate results, definite discrepancies between 
the electro-metric and colorimetric methods came to be observed, 
and these, moreover, were not strictly in accordance with the 
two different electrodes, viz., the hydrogen and the quin- 
hydrone electrode. Quinliydrone figures are of the order of 
0*1 j>„ higher than the values with the hydrogen electrode, and 
tliese in turn are O-o p„ units lower than the values obtained 
by colorimetric methods. The differences between colorimetric; 
and electro-metric methods vary with different solutions. Tliis 
latter difference is known as tlie ‘’salt error’' and can be 
approximately expressed for the different solutions and 
tabulated. The difference arises from the fact that colour 



230 


PRINCIPLES OF ELECTRODEPOSITION 


standards are usually prepared for solutions of low concentra- 
tion of other salts, these being common in other industries. The 
nickel solution, however, is relatively strong. It has not been 
found possible to put all these measurements upon an accur- 
ately comparable basis, but for most commercial work with 
nickel-plating solutions a more accurate figure is arrived at by 
making a deduction of 0‘5 pj^ from the observed colorimetric 
reading, but this correction, if marked on the colour standards, 
should be only applied in the case of nickel-plating solutions 
with their large concentration of nickel compounds. 

Some of these corrections determined with solutions of 
different compositions are shown in Table LXIV in which 
the concentrations of the constituents are given in terms of 
gi amines jier litre, while the corrections given are deductions 
from the values obtained colorimetrically to bring them into 
line with those obtained electro-metricallv. 


TABLE LXIV 

SALT EHHORS IN i)„ DETERMINATIONS OF NICKEL 

SOLUTIONS 


Nickel sulphate cryst. 

4 

240 

240 

i 240 

210 

J20 

Nickel chloride (Tvst. 



30 


Boric acid 

Potassium chloride 


30 1 

30 

30 

30 

8 

Potassium sulpliate 


- 

1 

22 


Ammonium sulphate 


1 — ■ 

1 



22 

p^ correction 


Oo 

0-55 

0-55 

0-5 

1 

1 

O 
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Introduction. It now hecomcH necossary to atteinj)t to apjdy 
as tar as possible tlie foregoing more tlicoretical considerations 
to the obsei ved facts of cathodic and anodic [)rocesses. esf)eciallv 
with those related to tlie electro-deposition of metals. Neither 
of the.se |)rocesses is a simple one, even apart from the fact that 
two or more entirely diflerent |)rocesses may be taldng place 
simnltaneousiy. 'fhe deposition of a single metal offers difficul- 
ties in formulating an adequate conception free from criticism, 
m view of the etiormously wide array of observations which 
ha\e been made from time to time by numerous observers and 
which so far have defied simple correlation. 

Deposition of Metals, d he electrode or re\'(“rsible ])otential 
of a metal is that at slight deviations from which the metal 
would be dissolved in or deposited from the surrounding solution 
of its salt, d'hus the api)lication of an e.m.f. reduces the 
potential at the cathode and this admits of the discharge of 

the metal ions u])on it. In general, this is true, and Le Blanc 
confirmcfl this antici|)ation. 

'rims, from a mi.Kture of copi)er and zinc sulphates copper 
begins to be deposited when the potential is somewhere of the 
onler of O-.i-t volt, this value, it will be remembered, ariplyini; 
■strictly to a solution normal with respect to coiiper ions 
•Again, It will be recalled that with a change of the ionic con- 
centration of the solution this value varies to the e.xtent of 
(H).-,8 ^ n volts for a tenfold change, where n is the valency of 
the ion concerned. By a reduction of the concentration of the 
coiijier to one-tenth of its original value the potential will have 
changed to 0-()r.8 ^ 2 = 0-029 volt le.ss or 0-34- 0-029 = 0-31 1 
volt, and by the time the iiotential has been reduced to zero the 
concentration of the copjier ions will have been reduced to 

u '‘’his is .so 

uifimtely small an amount as to be regarded as the complete 

removal of the copiier before the potential at which hydrogen 

23 J 
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deposition is reached. As a matter of experience, copper is 
deposited with practically 100 per cent efficiency from even 
strongly acid solutions, so long as the current density is kept 
low, a condition for good couloinetric work. 

These conditions, it must be recalled, refer strictly to the 
hhns of electrolyte adjacent to the electrode. In normal prac- 
tice, however, with appreciable acid content, there may be an 
almost complete absence of copper ions in the cathode film 
while a considerable copper ion concentration exists in the 
bulk of the solution. This allows of the precipitation of the 
lydrogen before the entii*e removal of tlie copper. 

potentials are referred to the metal itself. 
With an inert cathode like platinum the conditions vary some- 
what, but Le Blanc found that the amount of metal which 
must be deposited before the inert metal would exhibit the 
characteristic projierties of the metal in the solution and there- 
tore undergoing deposition, was so small as to be beyond the 

range of analysis and therefore possibly amounted to only a 
tew atoms tliick. 

It is evident, therefore, that for the analytical separation 

ol two metals quite a small difference in electrode potential 

amounting to, say, 0-2 volt, will be all that is required so 

long as this figure is not exceeded by the conditions of the 
experiment. 

W ith the evolution of hydrogen, however, and gases in 
geneial, new conditions come into play to which reference 
is made under the terms of “over-voltage,” and this favours the 
separation of some negative metals with good efficiency even 
in the presence of hydrogen ions in considerable concentration. 

On the other hand, there are a number of metals which do 
not deposit when their respective potentials are reached. 
Among them are iron, nickel, and cobalt. Their electrode or 
reversible potentials and their deposition potentials are shown 
in Table LXV (]). 233). 

These figures show marked variation of the deposition 
potentials from the reversible potentials, this difference being 
reduced at higher temperatures, and in the case of iron the 
value has reverted to the original. There would appear in these 
cases to be some effect inhibiting the free deposition of the 
metals, and this effect is apparently much more marked in 
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TABLE LXV 

DEPOSITION POTENTIALS OF METAl.S 


.Metal 

Bexersiblo 
Potent ial 

Deposition PoterUial 

' ir> 


1 !!.■) C. 

1 

Iron . ! 

(’obait . 1 

Nic‘kfl 

- 0-4t> 

OS! 

- 0-24 1 

1 

- 0-08 ' 
O-.Mi 1 

-- (eo7 

- 0-4!! 
j - 0-4(i 

! - 0-4S 

1 

~ 0-4t) 

‘ - O-SO 

- 0-29 


tli(‘.sethiui ill otluM- metals. It lias been suggested by (dasstoiie* 

that this inay be due to the fonnation of an aetive iiietastable 

state wbieli witii an iiieii'asi' in temiierature passes into tlie 
more stahl<‘ crystal f'oini. 

In some explanation of this behaviour it mav be pointed 
out that obviou.sly some time must ehqise in tlie 'eonversion of 
a metal ion into the atoniie form in its detinite position within 
the (UTstals ol the dejiosit. Xot only has electrical neutraliza- 
tion to be cHeeted. but the neutral atom has then to take up its 
position either m the growing ery.stal or initiating a new ervstal. 
1 his jiroeess, if slow, constitutes some hindranee to the deposi- 
tion process and may therefore aeeount for the excessive 
deposition potential. 

Alternatively, it may be pointed out that hydrogen deposition 
mcvitably accompanies the deposition of these three metals 
giving rise, as is well known, to stresses in the deposits The 
.surface absorption of hydrogen can reasonably be made 
responsible or an incrca.sed iiotential for the deposition of these 
metals, and as this gas absorjition will be decrea.sed with 
iiHueasmg temperature, there will be some reversion towards 
normal deposition potential with incrca.sed temperature. A 
tint her po.s.sible explanation is that the deposited metal first 
assumes a metastable condition from which it is transformed 
) the stable form, this change involving time and being influ- 
enced by temperature. There would at anv rate seenf to be 
luailable a number of po.ssibilities without the means for 
detei mining which may be mainly responsible for the 

observed facts. ' 

Jou,,,. Cl,,,,,. Soc. (Kn’li). V,|| CXXVIII. |). l>hh7. 
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Conditions Influencing the Physical Properties of Deposits. 

Many conditions which influence the physical properties of 

deposits have from time to time been observed and recorded. 
These include — 

( ) s t\ j w hich covers the rate at which metal 

ions are brought out of the solution and take their part in 
tlie formation of the crystals of the deposit. 

(2) Concentration, which may have some influence on 
either the growtli of existing crystals in the deposit or the 
initiation of new crystals. 

(3) Ionic migration, which will affect the ion concentration 
on tlie cathode solution film. 

(4) Temperature, which will influence ion migration and 
the degree of hydration. 

(5) The simplicity or complexity of the ions. 

(6) The degree of ion hydration and thus the dissipation 
of the water enveloj^es in which the ions have migrated, and 
from which they have to be detaclied for deposition. 

Thus many factors have to be taken into account in forming 
a conce})tion of the process or processes through which ions 
|>ass from the solution into the structure of the crystals which 
constitute the deposit. 

A sim})le conce])tion of this process of deposition is not 
easily arriv’ed at nor agreed upon, and it is obvious that our 
conceptions of electrolytes and electrolytic action must be 
referred to in the search for such explanation, 

A survey of the recognized facts must first be made relative 
to these electro-deposits. Thus, silver is a univalent metal and 
deposition from aqueous solution of its mineral salts results in 
distinct and large crystals, those of the sulphate being smaller 
than those from the nitrate. 

Cop])er is a divalent metal and may be deposited from the 
chloride, sulphate or cyanide solutions. In the order mentioned 
the deposits naturally vary from coarse to fine. This seems to 
be a common experience. Nickel from the nickel ammonium 
sulphate solution is smoother than that from the single nickel 
sulphate solution, while lead from the fluorsilicate bath is 
much smoother and finer than that from the acetate solution. 

In these examples, smoother deposits result from solutions in 



ELECTRODE REACTIONS 


235 


which there is tlie greater possibility of the formation of 
complex salts and therefore lower metal ion concentration. 

That the matter is not so simple is deducible from the fact 
that in very tew depositing solutions are we concerned with 
simple ions. Such solutions are usually strong solutions of 
strong electrolytes. Many of the relevant ions are complex 
in composition and, in addition, hydrated. These comjilexities 
are referred to in more detail in Chapter XXI. It is a recognized 
fact that those cathions which are the least hydrated form the 
larger cr 3 \stal structures. Examj)les are lead, cadmium, zinc, 
and silver. 

Physical Properties of Deposits. The processes of electio- 

dej)osition result in the production of deposits exhibiting 
many ])hysical characteristics, and the observed ])ro])erties are 
definitely related to the arrangement of the infinitude of 
small parts or atoms which result from the discharge of the 
migrated ions. 

Adopting the accejited atomic magnitudes there must be 
somewhere of the order of 11 000 000 000 000 000 000 00(» 
copper ions discharged by the passage of one am|)ere-hour, 
and somehow these numerous units must pass through one 
or more stages in tlie (construction of the final solid metal. 

Again, all dejiosits are ciystalline. Sometimes the crystal form 
is large and easilv observai)le by the naked eye. It is then said 
to be macroscopic. For the most ])art. however, the ciystalline 
form is small and onlv oliserved after some careful preparation 
of a specimen and its subsequent examination under a micro- 
scope. This microscopic structure may again be so small as 
almost to defy anal\'sis under available magnifications. As is 
common in metallurgical exjierience, large crystal form offers 
less strength than a smaller and more compact one. Strength 
seems to be associated with the number and therefore area of 
crystal boundaries, rather than with the strength of the 
iiuli\ idual ciystals. Again, as with the usual process of the 
crystallization of salts from solutions and metals from their 
fused forms, slow (*rystallization induces large crystals, while 
moie ia])id caystallization is resjK^nsible for smaller crystals. 
As a matter of common ex])erience slow deposition induces 
obviously large crystalline de]K)sits, while with an increase of 
current density the surface is smoother as a result of finer 
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crystallization. Again, in metallurgical experience a two- 
constituent metal is of smaller crystalline form than a single 
metal, and individual metals can be manipulated for the 
production of single crystals of large dimensions ; so large, in 
fact, that the usual dimensions for testing specimens may 
embrace only a single crystal. 

In deposition, however, the process of crystallization may be 
seriously interfered with by the rate of deposition and the 
presence of other disturbing factors, and hence the production 
of powdery deposits. Such powdery deposits are due to — 

(1) In acid solutions, the co-deposition of hydrogen in, at 
first, minute bubbles. 

(2) In solutions of high p„, basic compounds. High C.D. 
influences the Ph of the cathode layer to a degree not 
observed in the main bulk of the solution. 

The whole matter has been exhaustive!}'' examined and it 
will suffice to give a summary of the findings. 

In the first place Hughes proposed the terms idiomorphic 
and hypoidiomorphic as descriptive of crystals which had 
freedom of growth and restriction to growth respectively, the 
terms being borrowed from accepted mineralogy, the processes 
appearing to have many points in common. Slow deposition 
will favour the former, while increased current density will tend 
towards the latter type. 

One of the first problems which would seem to call for some 
agreement is that of the transformation of the metal ion to the 
metal atom within the crystal of the deposit. Several sug- 
gestions have been ventured. The first is that this change is a 
single process, the discharged ion at once taking its place on 
the crystal. For this view there is a considerable weight of 
evidence and support. On the other hand, it is considered by 
some that the ion must first lose its charge and any associated 
water of hydration, and then be deposited probably first as 
atoms on the surface before actually taking up their final 
positions in the ultimate crystal. To the attempt at settlement 
of these conflicting views a wealth, or perhaps bulk, of evidence 
has been adduced, but it does seem that some simple explana- 
tion is likely to prove of the greatest service in the first 
formulation of an adequate conception of the process. 
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According to Blum and Rawdon* the process of deposition 
is one of a single stage from the ion to the atom within the 
crystal. Such a single stage must include electrical neutraliza- 
tion, discharge of hydration water, and finding a position within 
the crystal. They account for the variation of the structure of 
deposits almost entirely by the changes in the cathode polariza- 
tion. According to their view, ions discharge at points of 
lowest cathode potential, and they consider that a higher 
potential may be required to initiate a new ciystal tlian to 
develop an existing one. In favour of this view it is certain 
that increased current densitv iJromotes finer (a*vstallization 
and this increased current density is the pioduct of an increased 
e.m.f. at the bath terminals with an increase in its component 
parts, including that of the cathode polarization. 

Othei* iiivestigators, including Hughes, f })ostulate the devel- 
opment of the crystals from matei'ial whicli is atomic but not 
carrying a chaige. and even suggest that the electrical discharge 
takes |)lace some distanct^ from the cathode without ventuiing 
any ex[)lanation of tlu^ manner in which these electricallx' 
neutral atoms are fijially attracted to the cathode. 

I Ills couce])tion involves the entrance of electrons into the 
solution to neutralize or discharge the ion. but the neutral 
metal has still to find its way into the structure of the crystal. 

It may be recalled tiiat as far l)ack as 1904 Bancroft^ stated 

that ‘'fine grained deposition is favoured by high current 

density and p(jtential difference, by a(*iditv or alkalinity', by 

low tem])erature and by' colloids.’' This early and general 

statement finds confirmation in these days of more theoretical 

discussions, w hen it is remembered that these conditioiLs tend 

towards higher c-athode polarization and the initiation of more 

nuclei with more nmnerous and finer crystals and hence 
smoother deposits. 

All conditions which increase the difference of potential 
betw'een the solution and cathode, that is, tlie cathode polariza- 
tion, will favour the formation of nuclei with numerous crystals 
and smoother deposits. Sucli conditions are high (airrent 
density and low metal ion concentration 


t 

t 


Tran.s. Aitur. Kltrfro-chtm. Sue. (192:1), Vol. XLIV, p. ;i 97 
De]jt. Set. (uid Ind. Reseundi Hull., 1922. 

Trans. Amer. Electro-chpm. Soc. {1994), Vol. V[ (ii), p. 27. 
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It is ev'ident that some correlation and simplification of views 
on this difficult subject must be sooner or later forthcoming to 
enable the matter to pass from the realm of the largely 
hypothetical to one more practical. 

Theory of Chromium Deposition, This is a problem which 
has occasioned some discussion, and here it may be said that 
practice is well ahead of theory, there being at present no 
geneially accei)ted explanation of the stages in the process of 
the conversion of hexavalent chromium in the chief constituent 
ot the bath, viz., chromic acid, to the “nono-valent ” deposited 
metal. The problem is beset witli a number of difficulties and 
there must be the recognition of well-accepted facts. 

Made up from chromic trioxide, the solution contains 
diclu-omic acid (H^CVgO-) which ionizes thus— 




2H. + Cr^O;- 


ihe solution is red in colour, and during the reaction these 
Cr^Oy ions become reduced in part to metal. Pure chromic acid 
solution, however, does not yield a chromium deyiosit. Chro- 
mium sulphate, Cr2(»S()4)3. was then regarded as an essential 
addition to supply trivalent chromium ions. However, sul- 
phuric acid is now much more commonly used, there being 
apparently the need for some further anion. The solution as 
used is charactei’ized by its good conductance. The addition 
of any basic oxide, for exam])le, Fe203. from the iron whicii 
may be taken uj) from an iron or steel container forms feri’ic 
dichromate (^^.^(CrgO;)^], and a similar chromium compound, 
chromium dichromate, will result from the reduction of the 
hexavalent to the trivalent chromium. The presence of the 
dichromates accounts for the loss of a considerable amount of 
free dichromic acid and, with it. a change from the bright red 
to a brown colour. 

This chromium dichromate seems to supply the needful 
trivalent chromium ions and probably acts as a buffer to these 
ions. The reduction of dichromic acid to the lower valency 
compound is not possible exce])t in the presence of an added 
anion, usually SOj. Moreover, while there are still low'er 
V'alency compounds of chromium, the chronious compounds, 
their existence in the solution is incomj)atible with the pre.sence 
of so higli a concentration of dichromic acid. According to 
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Ollani,* if dichromic acid is increasingly reduced and the 
specific conductance determined, there are definite breaks in 

curve when (]) 25 ])er cent of the chromium 
has been reduced and (2) when 50 per cent has undei f^one reduc- 
tion. These percentages correspond at the first stage to com- 
pounds of tlie formulae t'r./tg . (it'rOg or (^^(Cr.d);)., wliich may 
be regarded as cliromium dichromate and ma\' even be 
liydrated. wliile at 50 per cent reduction tlie formula of the 
I)roduct would be Cr^O^ . 2('r().,. Both of these compounds are 
soluble in the excess of dichromic acid. A fuither stage of 
leduction is still ])os.sible, giving an insoluble compound to 
w Inch the formula of C r^O.j . ( rO^ has by analysis been assigned. 

\ arious ex|)lanation.s of the mechanism of the dejiosition of 
the chromium have been ventured. It has been suggested that 
the deposited chromium results from the migration and dis- 
charge of the trivaleut ions |)re.scnt, but this would not .seem 
to be reasonable in view of fhe difliculty of producing chiomium 
from ordinary trivaleut .salt solutions.’ Dr. Leil)rcirh advances 
the view that the reduction of the (’rO, compound takes place 
in succe.ssive stages through fhe trivaient. divalent and then 
to the metallic form, and some evidence seems to be foi’th- 
coming for the existence of the divalent compounds in the 
immediate vicinity of the cathode where the conditions mav 
be, and very po.ssibly are, very different from those in th^e 
main bath, d'he production of insoluble membranes near the 
cathode surface is suggested by Muller, and beneath these 
membranes reactions may occur in a new • atmosphere” which 
might be (piite impo.ssible in the strong dichromic acid solution. 
Such dark dejiosits of insoluble conpiounds are readily seen in 
solutions operated in the cold. Taking these general’ opinions 
into consideration, Ollard sugge.sts that the chief reactions in 
the order of rising cathode |)otential are - 


(I) 


( 'r... ( 'r.. 


H. 


H -r O 


(3) (’r.. -> (V t- 


20 


'riiese reactions- are electrolytic. According to this view 
trivaleut chromium ions are few in number and supplv the 
(iepositcfl metal. This is in general agreement with the reeognized 

* j.H.h.r.s. (11I2SJ. Voi. in. p. 
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fact that scarcity of ions is largely responsible for nuclei 
formation and the production of smooth deposits, that of 
chromium being an outstanding example. At the same time 
other subsidiary reactions wliich are not electrolytic are — 

(4) Cr..->CrO 

(4r/) 3CrO + CvO^-~> 2Cv^O^ 

(5) 2H^H2 

( 6 ) Cr -> Cr (cryst. deposit) 

The potential changes together with the usual current 
density ranges for the different types of chromium deposits are 





Potential C’hanoks in Chromium Deposition 


shown in Fig. 62* in which is expressed the fact that from a 
solution containing 250 gm. CrOg and 2*5 gm. H 2 SO 4 per litre 
and operated at 45° C., there is no deposition of the metal until 
a current density of about 20 amps, per sq. ft. is reached. A 
sudden change in the cathode potential now admits of the 
discharge of the metal from the ionic form, but these values 
will be markedl}^ affected by changes in the composition of the 
solution and other conditions of operation. 

Anodic Solution of Metals. The mechanism of the anodic 
solution of metals calls for some comment, this being a process 
which may not be as simple as aj)pearance ma}^ suggest. Ihis 

* Haring and Barrows : tJ.S.A. Bureau of Standards Technologic Paper 
No. 346. 
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problem is of greater importance with metals which exhibit 
more valency than one. Similar remarks aj)i)ly but in the 
reverse direction in the catliodic deposition of the metals. In 
a simple illustration iron dissolves anodically in sulphuric acid 
to the ferrous form. It may be later oxidized either electro- 
lytically or j^urely chemically to the ferric form. Again, iron 
is not deposited directly from the ferric form but first suffers 
reduction to the ferrous. This princij)le may be applied to 
coi)per with its alternative of the formation of cu()rous or 
cupric ions. It is common and perha[)s convenient to consider 
the solution of co|)per as one of the direct productions of cupric 
ions. The electrolysis of a solution of sodium chloride with a 
copper anode, however, i-esults in the ])reci|)itation of cuprous 
hydroxide by the interaction of cuprous ions formed at tlie 
anode with the hydroxyl ions develo|)ed as a .secondary re- 
action at the cathode. Again, in the cyanide solution (;u])rous 
ions definitely form and pass into the form of the complex ion, 
Cu(('N)., . Hence it is suggested* that copper invariably first 

assumes the cu]>rous ion form. In tlie two cases quoted this 
cuprous form is fixed by chemical leaction and the valency of 
the anode proce.ss is unity. In the case of the sulphuric acid 
bath or sulphates tlie cuprous ions first formed are then 
electrolytically (»xidized to cu]>ric, this involving a further 
laraday jier granune-ecjui valent, (’uprous ions are known to 
exist in copper sulpliate solutions. Their presence militates 
against correct itoulometer conditions, and the alcohol addition 
first suppresses the dissociation of the sulphate, reducing the 
copper ion concentrations and. admitting some equilibrium 
between cuprous and cupric ions, reducing also the concentra- 
tion of the cuprous ions. If cuprous ions first formed are com- 
pletely electrolytically oxidized to cupric, then the apparent 
v'^aleiK'y of the reaction is two. If the cuprous ions are fixed 
chemically, the valency is one. A combination of these two 
processes will give an apparent valency always over one, 
usually nearing, but nevei* exceeding, two. 

Anodic Reactions, it will next he recalled that in the pro- 
cesses (ff electro-deposition there are very different circum- 
stances attacliing to the choice and behaviour of anode 
materials. Anode efficiency is usually less tlian theoretical. 

* Tranfi. Anitr. I'SlevIro cfitut. Soc. (Ul21), Vol. XI^, p. 231. 
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This varying behaviour makes an almost immediate effect on 
the* composition of the electrolyte, such changes militating 
against continuity of conditions and operation. 

In botli de])ositing and refining operations there is the 
geneial aim at cjuantitative anode solution, thereby maintain- 
ing the composition of tlie electrolyte and, in turn, the cathode 
efficiency. Perhai)s the most common type of this behaviour 
IS that of cop])er in the acid solution. 

In iTiany cyanide solutions the ajjjiearance of films of in- 
soluble compounds which impede the current is a common 
experience, this ])henoinenon varying with the current density, 
teni])erature, and composition of the solution. 

"Ihese films may in some cases be quite thick without offering 
serious resistance owing to their ])orosity. There may, never- 
theless, be a change in the anode reaction in view of the 
restricted access of the solution to the anode metal. Other 
deposits are, however, sufficiently dense and insoluble as to 
slow down the desired anode reaction even to zero, when the 
anode is said to be pfassive.’^ This ‘^passivity” is of the 

mechanical type definitely due to the layer of hindering 
material. 

In yet other examj)les (and that of nickel well exemj)lifies 
the type) an almost comj^lete cessation in the normal function- 
ing of the anode occurs with the evolution of oxygen and the 
production of sul])huric acid. This slowing down of the solution 
of the anode is due to the formation of mere films of insoluble 
compounds, usually oxides, and provides an example of 
‘‘chemical passivity” which calls for some detailed considera- 
tion. In deposition and refining it is a definite evil, and the 
conditions conducive to passivity need counteracting. 

Passivity. It is well known that a ])iece of clean iron after 
immersion in 50 per cent HNOg ceases to deposit copper from 
cop})er sidphate solution. This is but a single instance of a 
total change in chemical behaviour due to an invisible film of 
oxide. 5Ianv metals, too, develoj) by exj)osure similar films 
which markedly reduce their chemical activity and thus 
render them more noble. This accounts for the maintained 
brightness of a number of negative metals like aluminium. 
Hence the same metal in its active and passive forms occupies 
two totally different positions in the electro-chemical series, 
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passivity tending to nobility. Chroniinin is a good example of 
this behaviour, its position in the electro-chemical series repre- 
senting the active form, while in the passive state tlie metal 
gives little or no effect wlien placed ojiposite to platinum in an 
electrolyte. 

A few examples of this ])assivity ])roduced anodically may 
with advantage be referred to. Tlnis. cojiper as an anode in a 
solution of hydrochloric acid develops a film of insoluble 
cuprous chloride which in a loose form does not too seriously 
affect its anodic behaviour, d^liis occurs at low current den- 
sities. At higher current densities this film of the insoluble 
chloride is re|)laced l)y one of cuprous oxide that is much 
more resistant to tlie passage of the current which falls to a 
low value with a c<)rresf)on(ling increase in ]K)tential, still main- 
taining some slow solution of the metal with, however, the 
evolution of oxygen. At inteiinediate current detisities tliere 
is an alternation between these two effects with j)eriodic 
variations in the behaviour of the anode and corresponding 
changes in the potential and therefore current. While the case 
has little apy)lication in deposition processes, it nevertheless 
illustrates a very fre(]uent occurrence in anodic passivity. 

Such inactivity does not occur to any a])preciable extent 

with the concenti’ations of sulphuric acid present in the usual 

deposition and refining solutions. In stronger acid, however, it 

l)ecomes appai-ent with the formation of the blue sulphate 

crystals which are not readily soluble in these concentrations 
of the acid. 

The i)henomenon is, lioweyer, very aj)j)arent in the usual 
types of cyanide depo.siting solutions. These may contain small 
percentages of ‘‘free cyanide'’ added definitely to prevent the 
formation of insoluble films on the anode.' With low' free 
cyanide concentrations and in a still solution and even low 
current densities, anode films of cujirous c^'anide begin to form, 
inducing mechanical passivity. These may disa])])ear on stand- 
ing. and constitute no great impediment in the jirocess. With 
liigher current densities this film is replaced by one of the oxide 
wliich is a definite example of chemical passivity. Periodicity 
IS observable in the process with intermediate curVent densities 
these being dependent upon other conditions, such, for example! 
as the temperature and ])roportion of free cyanide. 
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Siniilai effects are obtained with silver anodes in the usual 
silver jiotassium cyanide solution used in electrodeposition. 
As a rule they may be checked by the use of a sufficiency of 
tree cyanide and, obviously too, stirring or agitation in one or 
otlier form will militate against the occurrence of passivity. 

As IS to be expected, similar phenomena occur with other 
metals in cyanide and alkaline solutions. In the case of zinc 
m alkaline solutions — and free alkali is present in the usual 
types of cyanide solution used in the deposition of zinc and 
cadmium— a first film of comparatively loose zinc oxide first 
forms, shielding the metal from the current and, therefore, 
increasing the cairrent density on the unaffected parts. These 
high local current densities then induce the formation of a 
thin film of oxide which has definite jirotective projierties, this 
film spreading under the loosely attached oxide and thus 
efiecting its detachment. Such an oxide film does not produce 
complete passivdty as zinc still continues to dissolve, though 
much more slowly. As may be anticipated, cadmium acts some- 
what similarly except that, as cadmium oxide is not soluble 
in alkali, it cannot be removed by alkaline conditions and the 
usual periodic formation and solution do not take jilace. 

From the electrodejiositors’ jioint of view the most striking 
examjiles of anodic passivity are those occurring with iron, 
nickel, and cobalt. In the earlier days of nickel electro- 
defiosition, anodes were of a definitely impure type containing 
usually not more than 92 |)er cent of nickel. Imjnirities, how- 
ever, favoured the more com[)lete solution of the anode. 
Difficulties became more a|)i)arent with an increase in the 
})urity of the nickel anode the solution of which, while uiain- 
taining a purer solution with the production of much less dark 
yellow anode slime consisting mainly of ferric hvdroxide, began 
to show the effects of |)assivitv- In the usual sulphate solutions 
these purer types of anode, while dissolving fairly quanti- 
tatively at the low current densities then in vogue, showed 
appreciable passivity at the increasing current densities which 
later became established practice with the more rapid systems 
of deposition. This jjassivity leads to the evolution of oxygen 
and the production of sul])}iuric acid which is not conducive 
to the maintenance of a constant p,i which is usually regarded 
as verv desirable. 
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The anode potential curve of a nickel anode with increasing 
current density is shown in Fig. 63, in which AB represents 
normal functioning. At B passivity begins with a decrease in 
current to C at which oxygen evolution takes place with in- 
creasing current density. In the reverse direction, current 
density decreases bring about a decreased anode potential 
without a break at C. At a low current density the anode 
re-assuines its activity. 



Ki<;. I’AssniTY ok Xh kkl Anodk 


Inhibiting Nickel Anode Passivity. Sudi passivity is not pro- 
duced in chloride solutions and lienee tlie almost universal 
addition of a definite proportion of the ehloride ion in the form 
of either nickel chloride or, now less frequently, some other 
(■hloride such as those of sodium or ammonium. 

Methods of inhibiting iia.ssivity in nickel anodes have been 
investigated and one at [iresent jioimlar is that of the use of the 
so-called ‘’depolarized” anodes. I'liis term, however, should 
be replaced by that of ‘ depa-ssive,” this type of anode having 
been prepared with theadmixture ofasmall iiroportion of nickel 
oxide which, experience has jiroved, facilitates anode solution 
and thereby decrea.ses if not entirely prevents jiassivity. 

From the.se (piite few experiences with the use of anodes in 
electrodeiiosition jiractice it is evident that some stejis can be 
taken to retluce the defect by variations in the composition 
of the electrolyte — additions of free cyanide in the ca.se of 
cyanide .solutions and the addition of chlorides in nickel 
solutions together v ith elevation of temiierature and the 



240 


PRIXCIPLES OF ELEOTRODEPOSrriOX 


application of agitation of the solution ; and. while these condi- 
tions have long been jiractised as a determination of experience, 
the satisfactory exj^lanation of the phenomena involved and 
methods for its diminution derived from a knowledge of 
these phenomena adds yet another element of design in the 

formulation of solutions required for tlie continuous deposition 
of metals for many purposes. 

In passing, reference may also he made to another method 
of leducing passivity, viz., that of the super-imj)osition of an 
alternating current on to the de])ositing current. Such re- 
versals of current tend to make the films of oxides or other 
compounds thicker and therefore less protective, and some 
unusual results have been obtained by this method, including 
that of the solution of an iron anode in a caustic soda electrolyte 

and the solution of a gold anode in an electrolyte of the mineral 
salt type. 

Further, this passivity must be looked upon as yet anotlier 
type of polarization or change of working potential from that 
when the plate is at rest, and there is the considered conviction 
that w4iat may be termed chemical and electro-chemical 
passivity is one and the same j)henomenon. 

Anodic Production of Oxides. There are some prominent 
examples of the production of metal oxides in considerable 
quantities. That of lead dioxide in the accumulator may be 
recalled, while a similar process takes place when some j)olished 
metals such as iron and nickel are made anodes in alkaline 
lead solutions. There is the ])roduction of lead dioxide usually 
in thin films on the anode. If a cathode in the form of a ])ointed 
w'ire is brouglit near to the anode this film of dioxide is de- 
veloped in the form of concentric rings of decreasing thickness 
from the centre to the outside. These films are of the dimen- 
sional order to effect interference of light with the production 
of circular rainbow tints in the form of adjacent rings. This 
effect, known as Nobili's rings, has some decorative value. 

Again, many lead electrocles used in electrolytic extraction 
processes are definitely more j)ermanent when comj)Ietely 
coated w ith the dioxide. Before bringing them into u.se. there- 
fore, they are treated in a sulphuric acid electrolyte to effect 
this surface film of the oxide after w’hich the electrodes are 
much less susceptible to attack by imj)urities in the solution. 
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Anodic oxidation of aluminium provides another largely 
applied formation of anodic oxide coatings. In electrolytes of 
chromic acid or sulphuric acid, pure aluminium becomes coated 
with a continuous adherent film of its oxide which is of indus- 
trial iin])ortance. The |)rocess is termed anodic oxidation. In 
the first place the film is insulating. As it is formed unequally 
over the surface of the metal, so it diverts the current to the 
unaffected ])ortions until a comj)lete coating is produced. If 
the term tlirowing |)ower could 
he a])plied in this process, its value 
woiiUl he of the order of loo per 
cent, as this anodic oxidation takes 
place in the deej)est i‘ccesses and 
|)enetrates long distances inside 
narrow tubes. 

Further, the insulating cliar 
a(4er of the film has been tinned to 
account in the lead-aluminium 
rectifier by reason of the fact that 
such an aluminium surface mav. 
in an electrolyte, receive current + 
but not admit of its passing from 
the j>late. By the application of 
an alternating current some con- 
version to one which is uni- 
directional is effected. For this 
])urpose the arrangement si town 
in Fig. ()4 brings about the con- 
vei'sion of A.C’. to 1).(A w hich may 

then be available for many electio-irheniii^al proce.sses. 

Jhis film. too. is protective against c‘orrosive conditions and 
this fact has been responsible for the verv wide ap])lication of 
the process on all aluminium and allied alloys which are subject 
to excessive corrosive conditions. 

tinally. the film has mordant ])roperties admitting of its 
decoration by immersion in many dyes which ai-e absorbed 
and fixed in the oxide depo.sit. a fact which again has found 
extensive application m the decoration of this otherwise iilain 
yet exceedingly useful metal. 
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CHAPTER XVIII 

THROWING POWER OF ELECTRODEPOSITING SOLUTIONS 
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Inti*oduction. It may be generally assumed that in most cases 
of practical electrodeposition there is the desire for the pro- 
duction of relatively uniform deposits on the irregularly shaped 
work which comes in for treatment. There may be special cases 
in which thicker deposits are required on some portions of the 
surface than on others. Probably the larger share of the work 
upon which electrodeposits are made is flat or nearly so, in 
which case there is a fairly uniform distribution of current over 


4. — the cathode surface and with it uni 

form thickness of deposit. Perfectly 
2^ P uniform deposits could only be assured 

^ ^ ^ by the rectangular type of current 

which would be obtained with parallel 
I electrodes of the same shape and area 

.,5 ^ ^ ^ enclosed so that the conducting solu- 

tion will lie wholly between them. 

,, This is in some cases an attainable, 

IiG. 0;). iHitowiN'G Power 1 j... 

indeed a very necessary, condition, 
but it falls well without practical conations. In these days, 
too, there is the growing demand for specifications in electro- 
deposition and one of the factors coming within the scope of 
s])ecification is that of thickness and with it some measure of 
uniformity over the whole surface. The choice of solution and 


operating conditions to achieve this desirable end is obviously 
of importance. 


Taking a simple case in which two portions {A and B) of a 
cathode are disjiosed one twice as far from the anode as the 
other (Fig. 65 ). Call these linear distances a and b. According 
to Ohm’s law there should be twice the current density on the 
portion (B) nearer to the anode than on (rf) the one more distant, 
and, other circumstances being equal (or rather omitted for 
the present), there should be twice the deposit per unit area on 
B as on A. For the discussion of the problem the term linear 
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ratio — in this case afb — will be appreciated, while the term 
metal ratio will refer to the ratio of the masses of deposits per 
unit area on B and .4. 

tSome discussion of the conditions which make for uniform 
deposits is therefore of importance. 

If distance alone from the anode were the determining factor, 
two conditions would be brought into |)lay. The firs4 is the 
difference in the currents on ecpial areas of the prominent and 
depressed portions of the work. Depressed j)arts w ill receiv^e 
the smaller current and therefore the thinner deposit. There 
may, however, be some compensating intiuence if there is an 
increased cathode efficiency w'ith the lower current density. If 
inter-electrode distance is the only factor, then it will be 
obvious that by removing the anode further from the cathode 
the proportional differences between the exposed and recessed 
parts will be decreased with a resulting greater degree of 
unifoimity (jf tiie thickness oi the deposit. This is a practice 
wdiich. where possible, is fre(]uently followed, and this involves 
some linear correction for the defect. On the other hand, some 
further balancing out of the irregularities might be made if. 
w'lth the increased current density on exposed parts, tJiere 
might be some condition which would simultaneously counter- 
act this tendency tcj incieased thickness. Such compensation — 
and a nujst important one, too — is found in the increase in 
catliode f)olarization with increasing current density. This may 
be regarded as an electro-chemical corrective, and involves the 
choice of an electrolyte w hich w ill show higli cathode j)olariza- 
tion. The choice of an electrolyte for many examples of 
electrodef)osition is therefore a matter of desigin 

By throwing power is meant the ability of a solution, and 

with It Its method of operatiem. to ensure uniform deposition 

uj)on irregular surfaces. Some quantitative methods of 
ex])ression w ill be referred to later. 

Jhree factors are recognized as operating to influence 
throwing power. These are — 

1. yie conductance of tlie .solution. 

2. The cliange of current efficiency witli change of current 
density, and 

.‘k Cathode polarization. 

These will l)e examined separately. 
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Conductance. Statements are frequently made 
legaiding the influence of conductance on throwing power. 
That there is some effect is true, but the effect is indirect rather 
than direct. If inter-electrode distance were the sole and 
determining factor then it is obvious that changes in the 
resistance of the solution cannot affect the linear factor. On 
the other hand, an increase in conductance would throw into 
prominence other variations due to cathode polarization and 
this seems to be the main effect of increased conductance. For 
example, the addition of free sulphuric acid to a copper sulphate 
solution increases the conductance, and there is apparent an 
increase in throwing power. This, however, is obviously due 
more to the suppression of the ionization of the copper salt 
and the resulting decrease in the copper ion concentration, and 
with it an increase of cathode polarization. 

In another example cathode polarization may be high but 
not very variable with current density and in this case little 
change in throwing power can be expected witli variation in 

conductance. 

In connection with the conductance of the electrolyte it may 
be recalled that the values for many metals are of the order of 
millions of times more than those of depositing solutions and 
therefore in simple language the current will obviously take the 
shortest possible route in the electrolyte to the nearest part 
of the highly conducting cathode with, in most cases, a thicken- 
ing of the deposit at this point. This, for the most part, is a 
condition to be avoided. 

On this condition there would appear to be little possibility 
of varying the throwing power by a change of the conductance 
of the electrolyte and it is frequently stated that increased 
conductance improves throwing power. Whether this is a 
primary effect or one secondary by reason of a variation of 
other influencing conditions remains to be determined, but so 
long as we are concerned only with the linear factor there would 
be no change in the ratio of inter-electrode distance with 
changes of conductance. 

2. The Change of Current Efficiency with Current Density. In 
some electrotytes there is a decrease in current efficiency with 
increased current density. This is the case with copper sulphate 
and silver nitrate and also many cyanide solutions and so 
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increased C.l). on exposed parts is to some extent ofl'set by the 
decreased depositing power of the increased current. In other 
examples, as for example with nickel and zinc sulphate solu- 
tions, there is an increase in current efficiency witli increased 
current density. This is no advantage towards increasing 
throwing j)ower. The effect is rather in the reverse direction 
of decreasing thi'owing ])ower. Tliis is a factor capable of 
examination for individual metals, some data relative to which 

are shown in Table LX\ I. In any case the effect is in most 
cases small. 

The following data reter to the current efficiencies in a 
straight nickel solution with high and low p„. 

TAHJ.K LX\ I 

CUKKEN'I' EFFICIENCY AND Cl'KKEX'l' J)ENSITY 
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The general improvement in the current efficiency with in- 
creased current density in the nickel, as also with zinc and iron 
solution, and indeed with all metals more electro-negative than 
hydrogen, is generally recognized, and with it there^is a reduc- 
tion of throwing power in that there is an increase in tlie metal 

on the prominent jiortions which is not what is required for 
good throwing power. 

3. Cathode Polarization . It is to cathode ])olarization that 
we must look for tlie greatest influence in the variation of 
throwing power. Reference again to Fig. 49 (page 1S7) showing 
cathode potential current density curves for a number of 
solutions leveals the fact that in some cases there is a marked 
change while in others the variation is small. Large increases 
in cathode potential with current density are essential to t/ood 
throwing power. This may be looked upon as some sort of 

J7 (1*70 
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electro-chemical resistance. The prominent parts receive the 
greater current density by reason of the linear factor, but the 
resulting cathode potential increase counteracts, to some 
extent, this increased current so that it does not attain 
the maximum set by the linear factor. This reduces the cur- 
rent on the more prominent parts and, as it were, throws it 
mto the recessed parts with a general levelling up in 

the current distribution and therefore improvement in the 
throwing power. 

The obvious classification of tlie metals according to their 
cathode potential/current density curves is thus some similar 
grouping of the metals according to the throwing power of 
their solutions. Mercury, lead, and silver nitrate solutions show 
little cathode polarization and therefore little throwing power. 
Cojiper, nickel, and zinc sulphate solutions show marked 
variations of cathode jiolarization and therefore appreciable 
t irowing power. But it is to the double cyanide electrolytes 
that w e must look for the most marked thi’ow'ing power, and 
the conclusion brought out by a study of cathode polarization 
curves would seem to have been knowm empirically, in view of 
the extended use of the double cyanide solutions in cases of 
electrodeposition in which they are not absolutely necessary 
from the point of view of their staliility, for they are bv far 
the best throwing solutions. 

Quantitative Throwing Power. A study of these three condi- 
tions seems to have first been made by Haring and Blum, who 
arrived at throwing powder by a considei’ation of the known 
values for tJiese individual projierties and confirmed their 
results by some experimental wnrk. More recently, Gardam* 
has expounded these principles w'ith greater elaboration. He 
show^s that cathode polarization current density curves are in 
the main divisible into tw'o groups, if in the more simple case, 
w'e exclude obviously disturbing factors in the presence of 
films on the cathode (of other materials such, for example, as 
colloids) and any abrupt changes of cathode polarization such 
as are occasionally met. These two types are — 

1. The Linear type in w'hich cathode polarization plotted 
against current density gives a straight line. In other words, 
in this type cathode polarization is proportional to current 

* I'rans. Faraday Society, 34. fiilS. 19,38. 
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density. While this condition is met in some copper solutions 
under some conditions, it is by no means common. 

2. The Logarithmic tgpe, in which a straight line while not 
produced by plotting cathode polarization against current 
density, becomes possible when cathode polarization is plotted 
against the logarithm of the current density. This is the more 
common experience. 


Both of these ty[)es are expressible by some sim])le mathe- 
matical exyjression. and it appears that the usual type of nickel 
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solutions (conform almost exactly to tlie second or logarithmic; 
tyi)e. (.’opper solutions exhibit both types under "dilfeieiit 
eonditioiis. A curve of the logarithiuic ty])e is shown in Fig. 66, 
in which (uirve A shows tlie relatioir l)etween the catliode 
polaiization and current density, while curve li is obtained 
by plotting cathode polarization against the logaiitlnn of the 
current density. W'hen the influencing factors of throwing 
power are po.ssible of inatheinaf ical ex|)re.ssion individually, it 
becotnes |)ossible to calculate throwing power on some pie- 
dctei mined scale. I his has been done Ijy Haring and Blum* 
and also by (iardam, and their results have been confirmed bv 
e.\[)ei imental data obtained in somewhat arbitrarily selected 
tyjies of cells. Kxact calculations, however, are only possible 

'I'nins. Attu-r. Klevtro-vhcm. Sor. XM\'. p. :U:{. 
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with a wealtli of detail of each factor, and these are very 

varying according to several conditions, such, for example, as 

type of cell, current density and temperature. The problem 
admittedly is a complex one. 

Blum and Haring also proposed a quantitative expression 
of this property^ of throwing power. 

The apparatus which they used was a rectangular box of 
insulating material in which two half-cathodes placed at 
opposite ends served the purpose of near and distant parts of 
the same cathode. An anode of gauze was placed inter- 
mediatelv so that the relative distance of the two half-cathodes 
was as I ; 5. Substantial connections ensured that these 
linear distances provided the only resistance between the 
anode and the sej:»arate parts of the cathode, while a gauze 
anode was used to ensure the same composition of electrolyte 
on either side and so not introduce another undesirable factor, 
viz., that of a difference in anode condition. 

If, then, the ohmic resistance of the solution were the only 
factor influencing quantitative deposition, the half-cathodes 
would receive deposits inversely as their distances from the 
anode. This 5 : 1 factor — arbitrarily chosen — was termed the 
primary current distribution ratio. The weights of deposits on 
the two half-cathodes are readilv obtained and this ratio was 

V 

called the metal distribution ratio. Without throwing })ower. 
the metal distribution ratio is the same as the primary current 
distribution ratio, while throwing power is marked by a metal 
distribution ratio smaller than the ])rimary current distribution 
ratio. Throwing ]K)wer was then defined as the variation of the 
metal distribution ratio from the jirimarv current distribution 
ratio expressed as a percentage of the latter. If, for example, 
the j)riniarv current distribution ratio is 5 and the metal 

A ^ 

distribution ratio 4, then throwing power was expressed as 

. - X loo — 20 per cent. 

By^ tliis system many throwing ])owers of solutions were 
worked out and were in general shown to conform to the anti- 
cij)ations of the additions of the three factors already discussed, 
viz., conductance, current efficiency^ and cathode polarization. 

Data for throwing powers began to find place in the literature 
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of electrodeposition, but not without some recrognition on the 
part of observers that the arbitrarily chosen basis for quanti- 
tative expression was not the most desirable. 

The ])roposals of Haring and Blum were open to some 
objections, as follows — 

1. The ratio of 5 : 1 was unnecessarily high in view of the 
extended use of supplementary anodes in the cases of large 
and very irregular work. 

2. An ideal throwing power, in which equal de))osits are 
obtained on ecjual areas of the cathode irres[)ective of inter- 
electrode distance, would give a metal distribution ratio of 
unity, and with the pro[)()sed Icji'inula the throwing power is — 

5— ] 

X loo - 80 per cent 

o * 

where lOO per cent would seem to be a moi'e desirable figure. 

5. Where, as occurs in some cases, the deposits on distant 
parts of tlie cathode are nearly dowm to zero the throwing 
power becomes .some cojisiderable negative value not capable 
of fpiantitative aj)preciation. 

4. Still further, it is desirable that between the extremes of 
ideal deposition and that of no deposit on the clistant part, 
theie sliould be a uniform or graduated scale of variations. 

Throwing Efficiency. It was with a view to ovci'coming some 
of these difficulties in the Haring and Blum formula that 
Heatley* suggested exiwessiiig throwing |)()wer as tlie ratio of 
that obtained in individual cases to the maximum possible 
with the linear ratio in u.se. To this new exju’ession the term 
“throwing efficiency^’ was applied. This was undoubtedly a 
stej) in the right direction, but a further stej) towards a more 
ideal system was taken by the British Standards Tnstitutiont 
in the definition and expression published in 1984, Without 
siiecifying any linear ratio, and w ith the use of simplified terms 
as lineal' ratio and metal lalio, the formula adopted was^ 


'I'lu'owiiig powoi' 


KM) {L^ M) 


L M - 2 

wliere L (linear ratio) is the ratio of the distances from the 
anode of the remote and the near half-cathodes respectively, 

t v"/' •Vor. (lyjrt), Voi. XLIW p. 28.r 
T (dossarjof hh’cintal Tt-nns, Xo. (i:^21, p, 100. 
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and M (metal ratio) is the ratio of the weights of the metals 
deposited on the near and remote half-cathodes respectively. 
It was also recognized and stated that temperature, current 
density, and linear ratio sliould be expressed in stating the 
resulting throwing ])ower. 

From the following tables, LXVII-LXIX, it will be seen how' 
far the B.S.I. formula goes to meet the conditions which have 
been outlined as desirable, and it will be noticed that when 
the deposit on the distant half-cathode becomes zero the 
throwing powder becomes — 100 per cent. 


TABLE LXVII 

(JOMPAHISOX OF THROWING POWER SCALES 

Linear Ratio 5 : 1 


Metal Ratit) 

1 

1 

Throwing Power 


Blum and 
Haring 1 

1 

Heatley 

(Efficiency) 

t 

B.S.I. 

lu 

80 

100 

100 

1-5 

1 70 

i 87-5 

77*7 

20 

i 00 

75 

60 

2-5 

1 50 

^ 02*5 

1 

45*5 

;}-o 

40 

: 50 

33*3 

3-5 

30 

37*5 

23 

4*0 

20 

25 

12*5 

4*5 

10 

12*5 

6-6 

50 

0 

0 

0 

00 

-20 

-25 

II-I 

8*(> 

-60 

75 

-27-3 

10*0 

- 100 

-125 

-38*5 

* ^ 

20-0 

300 

- 375 

— 

100 

cc (no deposit) 

- 1 900 

-2 375 

1 

1 

( 

92 

-100 


By the use of the B.S.I. formula throwing powder becomes 
more definitely a ])ro})erty of the solution, differences due to 
other conditions sucli as linear ratio being reduced to a 


minimum. 

Throwing Power of Chromium Deposition. The throwing 

power of the standard chromic acid solution for the deposition 
of chromium is notoriously poor, and it is doubted whether 
there is any immediate hope of an appreciable increase. The 
throwing pow'er is always negative. Of the three chief factors 
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TABLE l.XVIll 

THROWING POWER OF A CADMU’M SOLLTION 


Linear 

Ratio 


2 

4 



Mcial ' 


'Throwing Power 


Ratio 

1 

1 

iRiiia an«i 

Ha rin^ 

Heat ley 

Efiiciency 

B.8.L 

! 

S-7 

17') 

8-4 

2-(( 

]:t .4 

20 

ILO 


Ui-T 

22:1 

12-d 

.>•42 


2()-4 

i ■) ■ 2 

TAd.”) 

2 . ■>-.') 

2 sa 

Bi-4 


table J.XIX 

lKRO\\IN’(J POWER Ol-' AX AJJ\ALIXE /INC SOLITIOX 


Linear 

Rat it) 

1 

1 

1 

Mt*l al 
Rat it) 

2:1 

1 • 7 

;t : 1 

248 

4 : 1 

;i aa 

0 : 1 

4 so 

0 : I 

tins 

1 


'i'lirou inj' Pou-er 


lOuin anti 

Heatley 


Ha ring 

l-'Oiciencv 

% 

B.S.L 

L_ 

12 

2d 

14-2 

1 4(1 

2! 

11-7 

10 7 

22 -a 

12-4 

20-0 

24 

lao 

22 4 

2 a -2 

14 4 


influeiUMiigtlirou iiig power, viz.. conductaMee. cathode iwlariza- 
tioii and variation of current ciHciencv with (aurent den.sitv 
tlie «econ.l. u.snally important, i.s here almo.st negligible. Harin^ 
and IhuTow.s* have .sliown that cathode i)olarization changes 
otdy veiy .slightly w ith inerea.sed current den.sitv. Within the 
usual range ol bright deposits (from (i to 15 amps, per dm 2) 
• t IS only of the order of O-Ol volt amp. dm . 2 The corresponding 
igme for the acid copiier bath (not altogether characterized by 
g<a>d throwing power) is ()-05 volt amp. dm. 2 , while that for 
c\anide cop|)er solutions is as high as 0-8 volt/arnp. dm .2 This 
mlormation alone would justify the prediction that the .solution 
would be a jioor thrower. The third factor, the increase of 

* PaiM‘r. r.S.A. Bun-an of Staiidanis. No. ;U(i. 
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current efficiency with current density, is the dominating 
influence, and is considerable. 

These authors suggest as means towards the improvement of 
throwing power the following conditions — 

1. The use of baths with relatively low CrOg content; 

2. The use of relatively high temperatures and current 
densities ; 

3. The selection of a cathode metal with a high over-voltage 
for hydrogen, for exam])Ie, copper or nickel; 

4. The introduction of the work 
into the bath so that it closes the 
circuit ; and 

5. Polarizing the work for a few 
seconds with current in the reverse 
direction. Then the more prominent 
])arts will become passive (assuming 
tliat the cathode metal is not soluble 

rncow iNc; Powkii I kst . , . -ix j -n i. 

in chromic acid) and will not so readily 
receive the deposit, thus allowing the less [ironiinent parts which 
are not. or are less, passivated, to acquire current more easily 



and hence chromium dejiosit. 

An alternative method of determining throwing power is 
that pro})osed by Krombholz, who makes a stout cop])er wire 
of 1 mm. thickness, the cathode pointing towards, but some 
distance away from, the anode as shown in Fig. ()7. The tip of 
the wire cathode and also the bent support are insulated with 
a glass ca[) and tube resjiectively so that dejiosits are obtained 
only on the horizontal portion. Deposition is then carried on 
for some time, the portion of the wire cathode nearest the 
anode acquiring a thicker de})osit than that farther away. 
This variation of thickness can then be measured with a 
micrometer and a curve plotted, relating thickness with dis- 
tance from the anode. With ])oor throwing power the curve 
will be stee]), while with, say. a cadmium solution with good 
throwing power it will be less steej) or more horizontal. I his 
is a quantitative variation of the bent cathode test. 

An alternative method of measurement ])roposed is that of 
cutting the plated wire into a number of equal length sections 
and weighing them. The weight of the copper core is deter 
mined from a number of similar sections taken from a similar 
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length of wire and thus the weights of the separate deposits 
obtained. This method finds some favour and needs some 
calibration in order to bring it into line M'ith other methods. 
It cannot, however, claim quite the same degree of exactitude 
as is obtainable in the Haring cell. 



CHAPTER XTX 

SKPARATIOX AND CO-DEPOSITION OF METALS 


Introduction. While many electrolytic processes are mainly 
concerned with the deposition of single metals, there are 
examples in which it is desired to co-deposit two or more metals 
in the production of alloy deposits. Notable examjiles are brass, 
bronze, and lead-tin alloys which are examples of practical 
processes, wliile othei’s whi(‘h cannot claim this degree of 
usefulness nev^ertheless attract attention on account of their 
inherent possibilities. The deposition of stainless cadmium- 
silver alloys and of non-corrodible iron-nickel alloys, of copper- 
nickel alloys of composition analogous to that of Monel metal, 
and. if last, certainly not the least im])ortant, the deposition of 
alloys of iron and chromium of the composition and properties 
of stainless iron and steel, are problems which otter fascinating 
interest and not limited commercial importance. A study of the 
|)rincij)les upon which such possil)ilities may be safely based 
must tind some origin in fundamental facts which ajiply to the 
deposition of the individual metals. 

These same ])rinciples, too, will cover the alternative cases 
in which, from solutions containing several metallic salts, it is 
desired to deposit a single metal in the |)urest form. Such are 
the examples of electrolytic refining, A similar case is that of 
electrolytic anaU'sis in which it is desired to deposit one metal 
from a mixture of two or more compounds with ciuantitative 
accuracy which includes, therefore, the same degree of purity 
as that aimed at in electrolvtic refining. These are new eondi- 
tions somewhat different from those of commercial refining. 
Idiere is also the case of most depositing solutions from which a 
single metal de]K)sit is retjuired but which contain, sometimes 
bv design and often bv unavT)idable contamination, other 
metallic compounds, the metallic component of which is not 
1‘equired in the de|)Osit. 

The usual acid copper bath a(‘cumulates iron and other 
metallic impurities which, fortunately, do not seriously interfere 
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with the jirocess even when jtresent in appreciable <|uanti- 
ties. Metallic coini^ounds are added to the nickel solution as 
conducting salts. Magnesium sulphate is one of these, and it 
has often been wondered whether magnesium passes into the 
de])Osit. Some observers recoid finding it. Tims it is claimed 
that trom a solution of magnesium sul})hate of 4 sti’cngth 
and containing nickel sulphate of O-a N. strength a deposit 
was obtained containing as much as 2 ])er cent of magnesium, 
while with an e.xcessive curi*ent density zinc ma\' be deposited 
with cop[)ei- from the sulj)hate solution, ddie latter conditions, 
how'cvei’. are so obviously abnoinial with the jjrodiution of 
powdery copper that this case Jieed not concei’n us. but it is not 
impi’obal)le that in the case of the magnesium in niekel. we are 
not concerned \\ith tlu^ d(‘[M>sition of niagnesium upon mag- 
nesium. when t}i(‘ high revei’sible potential would l)e e\j)ected 
to hold, but I’athci' upon nicked whirh seeuns to have a de- 
[)oIaii/ing effect, admitting of tlie^ de'position of magnesium at 
a markedly lower potential than its reversible value. Others are 
(jf opinion that the small traces only whiedi thev can find 
and the methods of anal\sis must nec(\ssaril\ be V(m\' s|)ecial 
must be accounted for by unavoidable^ iiu lusion of the solution, 
'rraces of co[)per and zinc in the niedud solut iem ha ve det limental 
(dfects w(dl know n to the elect rode|)ositoi', I he w hoU* mattei' 
calls for some (dementaiy tr(*atment, but in passing it mav be 
noted that in so far as allov plating has IxM-ome commeixdal. its 
development has come t|uite arbitrarily along practical lines, 
apart altogcdhci' fioin imndi or any appieciation of the fiinda 
imnital eU'ctroudiemical conditions imoKed. 

Fundamental Principles. From all solutions there is the 
|)ossibility of the deposition of hydrogen, and reference to the 
electrochemical series ba.sed on the single potentials of the 
metals at once indicates possibilities whicdi are abundantly 
conlirm(‘d in pi*actice. Ihe single potential of copper in its 
sulphate solution is of t he order of ; u-:U volt. Wesay^ofthe 
order of” as indicating that \\v must not overlook the fact 
that these figures ap|)ly to solutions of copper ions of normal 
ionic strength. 'J’he usual acid cop])ei- solution is some dei)arture 
from this strength, d’his figure represents the fact that hydrogen 
deposition may be anti( ipated if the cathode potential is. say 
by exce.ssive current density, raised by this amount over that 
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normally required for copper deposition. On the other hand, 
nickel, iron, and zinc have potential values on the negative 
side of hydrogen, indicating that from slightly acid solutions, 
hydrogen will be deposited with a diminution of the current 
efficiency of the metal deposition, but that increasing cathode 
potential will make for an increasing proportion of metal 
deposition with increased current efficiency. 

Again, the widely different potentials of copper and zinc 

make it almost impossible to 

y expect any reasonable deposition 

/ of zinc from the mixed solutions 

/ of mineral salts, and with both this 

// / metal and iron there are consider- 

/ able accumulations in the copper- 

/ refining electrolytes without any 

/ contamination of the deposit. This 

principle also guarantees the quan- 
^ titative deposition of the copper 

,, ^ , from a solution which may have 

tic;. 68. , 1 I 1 . 1 . f . 

Cathodk Potential Cirves been prepared by dissolving brass 111 

nitric acid for analytical jiurposes. 
It is obvious that two metals or one metal and h 3 'drogen 
cannot be co-deposited if their cathode potential curves are of 
the types shown in Fig. 68 for at no current density have they a 
coincident potential. Some overlapping of the potential curves 
must be expected to ensure co-deposition. 

A further glance at the potentials represented in Fig. 49 
(page 187) shows the remarkably different electrode potentials 
of these two metals in solutions of their double cyanides with 
excess of the alkali cyanides. The following figures make this 
clear — 


Fic;. 68. 

Cathode Potential Ci rves 


Sulpliute Cyanide 

Zinc . . ~ 0-76 —1-1 

Cadmium . . . — 0-4U — 0-9 

Copper . . . -f- 0-34 — 10 

Both copper and zinc are well on the negative side of hydrogen 
and are, moreover, not far distant one from the other. Their 
co-deposition from this solution becomes possible together with 
considerable quantities of h 3 'drogen unless precautions are 
taken to preclude this. 
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And in this oonnection it may be noted that in the case of 
any individual negative metal there is always present the 
condition for co-deposition of hydrogen, this being evidenced 
by the low cuiTent efficiency at some current densities, and 
frequently the observed evolution of the gas at the cathode. 

Separation of Metals. Brief reference to the sejiaration of 
metals by electrodeposition may first be made. Two important 
cases arise — 

1. Electrolytic refining, and 

2. Electrolvtic analvsis. 

< « 

Details of these soinewluit iiuinerous jaueesses will have to 

be sought in the relevant literature but the simple cases can be 
outlined. 


1. Electrolytic Kefintny. The case of copper is well illustrative 
of this apj)lied principle. Crude copper in enormously large 
quantities, amounting ])ossibly to something of the order of 
1*5 million tons per annum, is highiv refined by electro- 
deposition. Two aims are achieved in the process. These are 
(a) a high degree of purity and hence conductivity. It is well 
known that even the smallest (piajitities of even good conduct- 
ing elements aj)])reciably lowei* the conductivity of co])[)er. and 
this at once affects the ^juantities to be used in anv conducting 
proposition, (b) 1 here is the concomitant recover\’ of j)recious 
metal imjjuiities. .Fhese are not merelv apj>reciable. Thev' ai’e 
fiequeiitly large, and tliougli reco\'erable by dry or furnace 
methods these are neither so easy nor are they so efficient. 
Electiodej)osition admirably combines these two aims. 

W ithout lefeiTing to any more practical details it mav be said 

that this rehnmg process is carried out by making crude copper 

the anode in an acid solution of the sulphate, the deposition 

of the pure metal taking place on the sheets of electrolytic 

copper which are specially prepared for this purpose. While 

there are important economic problems our chief concern is 

that of the elimination of the numerous impurities which mav 
be grouped as follows — 

(a) The very electro-])ositive metals, including, therefore, the 
precious metals. These include gold and platinum which are 
not dissolved, but fall into the anode slimes and are, in this 
much more concentrated form, easily recovered b}^ chemical 
and metallurgical treatment. .Silver, nearer to copper in the 
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electro-chemical series, passes into solution. If it remained 
there it would inevitably pass into the deposit. The presence 
of a small amount of chlorides in the solution effects its precipi- 
tation into the slimes from which it is subsequently recovered. 
These anode slimes, which contain a considerable proportion of 
tine metallic cop])er by the unavoidable disintegration of the 
cast crude anode, amount to about 2 ])er cent of the anode 
weight, and hence the proi)ortions of these precious metals are 
increased liftv times from the anode material to the slime. 

(b) At the other end of the electro-chemical series are the very 
negative metals such as iron, zinc, and nickel. They present 
little difficulty. Anodically they readily pass into solution, but 
with the controlled current density employed, the cathode 
f)otential never attains the figure at which their deposition 
becomes ])ossible. They therefore accumulate in the solution. 

(c) The greatest concern is that for the more intermediate 
metals such as tin, arsenic, antimony, and bismuth. Lead, of 
course, wall pass out of the anode into the slime as lead sulphate. 
With the other metals there is ahvays the possibility of the 
formation and subsequent preci{)itation of insoluble basic 
salts if the solution is not too acid. Both tin and bismuth are 
amenable to removal in this manner. Antimony, too, may thus 
disa])pear, but arsenic is more stubborn. Its removal has been 
effected by aerating the solution, at the same time effecting 
some slow circulation, so that some of the iron will be oxidized 
to the ferric form and then combine with the arsenic compounds 
to be precipitated in the form of a basic ferric arsenate. The 
process takes time, and there is the risk of the co-deposition of 
these intermediate metals with deleterious effects on tlie 
purity and properties of the deposited coi>per. In the presence 
of appreciable (juantities of these metals, current density has to 
be limited, and this factor affects the economy of the process in 
the capacity of the installation required for a given output 
of cop[)er. In the presence of tliese impurities in appreciable 
quantities the current density may have to be limited to 10 to 
15 amps. ])er sq. ft., while, when [)resent in smaller amounts, 
the C.l). may possibly go up to 30 to 40 amps, per sq. ft. w ith 
decreased deposition plant for a given output, tliough involving 
a larger consumption of electrical energy. 

Similar princij)les have their application in the electrolytic 
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refining of otJier metals, such, for examy^le, as lead, while in 
the case of silver refining, copper accumulates in considerable 
quantities in the solution from which only j^ure silver comes 
out by electro -deposition. 

2. Electrolytic Analysis. This method of analysis has many 
points of advantage over the more usual chemicai methods witii 
their slow process of j)recipitation. settling, filtration and 
washing prior to working up tlie f)re(‘ipitate into a weighable 
form, fn electiolytic analysis the metal, either the imj)ure 
iorm or as an alloy, is weighed, dissoh ed in aeirl and the solution 
converted into a chemical form from w hich one or other of tlie 
metals can Ije sepai'ated by electrodeposition even to the last 
traces without tear of tlu* co-de])osit ion of the otliei' metals. 
Such deposits are usually made on a platinum dish, and the 
weighings before and after deposition give the actual weight 
of the deposited com[)onent in the weighed sample of the 
original metal. In some cases one nu'tal is tii’st recovered and 
tlie solution then converted into a form which admits of the 
furthei- dejKJsition of anothei- of its constituents, d'hese pro 
cesses have iieen consideralily elaborated and apjilied. especiallv 
in the cases in which numerous I’outine analyses are retpiirecl. 
I hey are easy, accurate and call for little attention during the 
major jiart of the time oc*cupied in their compk'tion. 

Essential Conditions for the Co-deposition of Metals. Revert 

ing again t o the diagram of jjotentials in Fig. (iS. the tirst essential 
condition for co-deposition becomes obvious, ddie potentials 
of copper and zinc in their sulphate solution aie far’ removed 
fi’om each other. For co-deposition a vertical line must cut 
tluough both curves. In other words each metal under* common 
•onditions must be capalile of deposition at a common ]>otentiaI. 

I his ovtulapping of the cui'i'ent density cathode; polarization 
curves b(!comes p(^ssil)le when (I) the I'eversible potentials are 
nearly alike, and (2) when there are decided |)olarizations or* 
inct’eases of cathode jiotentials with incr*easing current density. 

1 1lls IS ver‘y clearly shown in Fig. (it) in the case of copper and 
zin<‘. I h(‘ over lapping flatness of tliese twocui'ves reyrresents a 
wide range of electr ical conditions over* which co-deposition is 
yiossible. The y)ossil>ilities of alloy deposition are therefore 
clear-]y indicated in the cathode yrolarization curves. In general, 
there is more chance for this overlayiping in the double cyanide 
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solutions witli their very low metal ion content than in the 
solutions of highly dissociated mineral salts. Further, as will 
be seen later, the potentials of metals in organic solvents may, 
and do, vary very considerably from those in aqueous solutions, 
and this fact offers possibilities of alloy deposition which may 
not be within range in aqueous solutions. (See page 271.) 

Another difficult factor which must influence alloy deposition 
is the cathode potential of the alloy deposit. Films of solution in 

proximity to the cathode become 
unequally impoverished of their 
metal content according to the 
composition of the deposit with 
not easily discoverable variations 
in the individual potentials of the 
two components of the alloy. 

Yet another fact mav have a 
determining influence in the pro- 
cess of alloy deposition. Potentials 
are usually measured against single 
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P()LAI<IZATl()X,(’l RUKNT DENSITY ,1 ^ 

metal cathodes. JNumerous pro- 


perties of individual metals disa])pear when in the alloy form, and 
the potential not only may be, but is, one of them. A striking 
example of this is the ease of the deposition of sodium on to the 
mercury dia])hragm of the alkali cells. Here the cathode 
])otential of the sodium as it enters the mercury must be very 
considerably reduced, admitting of the easy deposition of 
sodium, otherwise hydrogen, even with its high over-voltage, 
would be the sole product. Similar effects operate, though 
possibly not to the same degree, in other exam])les of alloy 
de])Osition, and although it may be })ossible to gather some 
general idea of the possibility of alloy deposition from the 
cathode {)olarization curves, many other undeterminable 
influences may j)rofoundly modify these first conclusions. 

Three conditions seem to co-operate to effect the co-deposition 
of copper and zinc in the cyanide solution. In the first ease 
there is a much smaller concentration of copper than zinc ions. 
Secondly, the Hatter ])otentiaI curve of copper in comparison 
with that of zinc increases the amount of overlap])ing of the 
two curves. Thirdly, as has already been suggested in the case 
of magnesium in nickel, the copper has a depolarizing effect on 
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the zinc, lowering its deposition potential and making alloy 
deposition an easier proposition. 

A review of the cathode potential curves of the metals with 
which co-deposition is ])ossil)le reveals three types which are 
depicted in Fig. 70. 

In Fig. 70 (a) the curves are parallel and vertical lines drawn 
through the curves give some indication of the relative com- 
position of the de])osits which will he obtained, assuming 



always the absence of hydrogen evolution. Here the deposition 
of metal B does not commence until the potential indicated at 
the point <i is reached. tJust beyond this j)oint the proportion 
of metal A far outweighs tliat of B, but this proj)ortion de- 
creases with a further increase of potential. 

In Fig. 70 (h) the curves diverge, and this divergence may be 
such that increasing the potential, and with it the current 
density, effects no change in this |)rof)ortionality. the comj)osi- 
lion of the deposit remaining practically constant over wide 
ranges of current density. 

In tlie third case (Fig. 70(r)), the two ])otential curves intersect. 
At the point of intersection the two metals will be deposited in 
the ])roportion of their chemical ecpiivalents, which is the same 
as saying that etpial shares of tiie current will l)e concerned 
with the deposition of the individual metals, while below and 
above this potential, changes in com])osition will occur, the 
proportion of A to B decreasing with increasing potential from 
a positive value to one in tlie reverse direction. 

Again, there are exam])les in which the two metals have close 

I s (1.17^1 
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potentials, these varying with changes of concentration of the 
metal ions and not altogether in harmony one with the other. 
Lead and tin provide a case in point. 

Composition of Alloy Deposits. For each alloy, assuming no 
co-deposition of hydrogen, the weight of deposit per coulomb 

will at once indicate the com- 
position. Let the coulombs 
passed through be expressed in 
terms of copper deposited from 
a coulometer. In the extreme 
case of the brass containing no 
zinc, the ratio of the “brass” to 
the coulometer copper will be 2 
on account of the difference in 
the valencies of the copper under 
these different conditions. In 
the other extreme, where zinc 
alone constitutes the “brass” 
deposit, the ratio of brass to 
coulometer copper will be as 
:32*o : 3L8 or as 1-022 : 1. All 
ratios between these extremes rejweseiit definite composi- 
tions of deposit, these being expressed in the following table 
(LXX) and also in the curve (see Fig, 71). 
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Composition of Brass I^kposits 


TABLE LXX 


(’OPPOSITION OF COPPER-ZINC DEPOSITS 


»<, Cu 

j 

% 

1 

' ^ Bras.s 

“ Cu.. 

100 ' 

0 

2-000 

so ; 

! 20 

1-678 

r>o , 

40 i 

1-446 

40 

(iO 

1-271 


80 

1-133 

i 

100 

1-022 


From this data the following expression is readily deduced — 

204 _ 

Percentage of Cu = ^ — 1*022) 


as follows 
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Consider the case of the brass containing 50 per cent each 
of the two metals. Then — 


R 


Weight of brass 
Weight of acid copper 
50 Cu + 50 Zn 

25 Cu c X 50 C u 

32*0 


100 

73-92 


1-353. 


R 


W'eight of bi'ass (100) 


% Cu 


(loo 


<) 


<) 


^ :V2-r) 


rius on siiH|)litication gives 

204 

''o Cu {R ^ 


1 - 022 ) 


and in the case of the alloy with the above ratio of 1-353, 


% C’u 


204 

,. 353 ( 1-:^52 1 . 022 ) 

50 ])er cent. 


These expressions are only of exact (juantitutive u.-^e wlien no 
hydrogen is de|>osited. The following table (LX XI) gives the 
(lata from a series of experiments on these lines- - 


TABLE LXXl 

(’()Ml*()Srn()X OK ('OPPEH-ZIXC DEPOSITS (’ALCT'LATED 

AND KOrXD 


Brass 




o 


Cu 


('uiTeiil Dojiositiug 



Cu-^ 

1 

1 

(Calc.) 

1 

1 

(Found) 

(’u 

1 

Zii 

1 Die. froni 

1 lUU 

1 

- 1 

191 

O.IO 

9r>-s 

91-2 

1 7-9 

' - 0-9 

2 

1-90 ' 

1 94 0 

94-3 

89-4 

! 10-4 

0-2 

3 

1-77 

80-4 

84-8 

75-2 

20-1 

1-3 

■k 

f 1 SO 

73 o 

72-8 

1 58-4 

42-0 

T 0-4 

5 

' 1-54 

()8-3 

68-() 

' 52-5 

47-9 

r 0-4 

(> 

1-52 

1 

1 06*5 

c 65-5 

! 50-0 

1 50-8 1 

! + 0-8 
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These figures at least indicate the possibility of depositing 
brass almost quantitatively, the little differences from 100 
found in the last column representing either unavoidable errors 
or current depositing hydrogen, or possibly a little of each. 

Similar expressions for other alloys are similarly deduced. 
In the case of the lead-tin alloys we may use a lead coulometer. 
Then — 

Let a represent the weight of lead in the coulometer and 
b the weight of the alloy. 

The chemical equivalents of the two metals are 103-5 for 
lead and 59-5 for tin. Let x represent tlie faradays depositing 
tin. The weight of tin deposited is therefore 59-5a;gm. For 
each faraday depositing tin in the alloy there is a decrease of 
103-5— 59-5 == 44 gm. 


Hence 

a-— b = 

44a: 

a — b 

and 

X = 

44 

Hence 

59*5a: = 

-0 - 

44 

and the percentage of tin is 



59-5 (a — b) 

100 135 {a 


1 

- 

1 

X 

h h 


b) 


Hence with the two baths in series and the weights of lead 
and alloy are 60 gin. and 45 gm. then — 

135(60- 45) 

04 Sn = = 4;) per cent. 

Cobalt-nickel Alloys. The co-de])osition of nickel and cobalt 
has recently attracted a good deal of attention, especially with 
its association with the production of bright nickel deposits. 
The subject was under investigation jirior to the possible 
application to bright nickel deposition which is effected by the 
addition of other reagents. 

The two metals are ver^^ near to each other on the electrode 
potential scale and some interesting data are forthcoming froni 
the analyses of numerous alloy deposits made in the course 0 
the investigation on bright nickel. In the first place such 
solutions usually contain a small proportion of the cobalt 
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compound of the order of one-sixteenth of that of the nickel 
sulphate present. Under normal operating conditions the 
percentage of cobalt in the deposited alloy is of the order of 
15-18 per cent, and this proportion definitely decreases with 
increasing current density. These facts place cobalt as a metal 
more ])ositive than nickel, althougli this is not indicated in the 
table of electrode ])olentials on i)age 175. 

Further, Young and UoukU showed that increasing the rate 
of rotation of a cathode on wliich these alloys deposits were 
being made increased the c'obalt content, this usually being 
re^^arded as some evidence that cobalt is more noble than 

o 

nickel. Again, according to Wkusberg.t the cobalt content of the 
alloys decreased with increased current density as shown in 
the following figures — 

o O 


X’AKIA'riON OK COliAi/r IX DKI'OSirs 

wi rn cnotKX'i' dkxsitv 


1 

amp. 's(j. fl . 

I 

1 

amp - ’(hii.- 1 

1 

_ __ _ 1 

1 ( 'o itj 1 )cp(>sit 

1 

1 

20 

1 21.") 

27-7 

40 

4-:i 

i 17-7 

<;o 

(>•4.") 

14-4 

HO 

1 SOi 

1 

. 11-2 
i 


ri'his fact definitely ])laces c*obaIt as more ])()sitive than 

nickel. There may be some anomalies in the behayiour of the 

% 

two metals. i)eing, as they are. so close together in the electro- 
chemical series, but tlie well-attested facts of decreased cobalt 
with increased current density and the largei* proportion of 
cobalt in the alloy than in the solution are in agreement. 

Deposition of Alloys from Organic Solvents. The industrial 

deposition of alloys has largely been ])racti.sed from aqueous 
solutions, d'herc are, however, many other possibilities, and it 
has, for example, been shown that silver-aluminium alloys are 
l>ossil)le of de[)osition from non-a(iueous solutions in spite of 
their very wide single j)otentiaIs in a(jueous solutions of their 
mineral salts. These and sirnilar results were arrived at by the 


♦ Trnn.s. 
t Tmn.s. 


Ai/K'i'. KUvtnt-cfn'm. S<ir., \’ol. 

Aiiifr. iAcrlm-cIn m . .S'or,, 


LX IX, ]). .■)S."). 
LXXIH, p. 4:L-). 
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presence of metallic impurities in the deposited aluminium 
from the use of an impure anode. In this matter, a review of 
the potentials of the metals with respect to that of aluminium 
is of interest.* These are shown in Table LXXIII. 


TABLE LXXIII 

ELECTRODE POTENTIALS OF METALS IN AQUEOUS 

SOLUTIONS 


Metal 

Al 

1 

1 

1 

Zn 

! 

. Fe + + 

1 

1 

1 

1 

Cd 

Ni ! 

Sn++ 

Pb 

Cu+ 

Ag 

1 

Electrode 
Potential 
(volts) . 

1 

1 

1 

— 1-7 ■ 

1 

- U-76 

1 

— 0*44 

1 

1 

— 0-40 

1 

1 

1 

- 0-23 

1 

1 

1 

- 0-14 

j 

\ 

1 

- 012 

0-47 

t 

0-80 

Diff. from 
A1 


i 

' 0-94 

1 

1 

1-26 

i:io 

1 

1-47 

lo6 

1-58 

2-17 

2-50 


Corresponding differences from the potential of aluminium of 
the several metals in benzene are shown in Table LXXIV. 


TABLE LXXIV 

POTENTIAL DIFFERENCES OF METALS WITH RESPECT TO 

ALUMINIUM IN THE BENZENE BATH 


Metal 

Zn 

Cd 

Pb 

1 

Sn 

1 

Cn 1 

Ag j 

Fe 

Ni 

P.D. 

(volts) 

((■02 

0 050 

1 

1 

I 

0-072 

0-1 03 

1 

1 

0-226 

0-56 

0-571 

0-676 


It will be seen that the differences from aluminium are quite 
small in comparison with those obtained in aqueous solution. 
This at once indicates the possibility of the deposition of alloys 
of aluminium with these metals. By introducing these metals 
into the usual bath for the deposition of aluminium, which is 
composed of aluminium bromide, aluminium chloride, and 
ethyl bromide in a mixture of benzene and xylene, alloys of 
aluminium with cop])er, zinc, cadmium, silver, tin, nickel, lead 
and mercury were obtained. These were usually of 
aluminium content. In the case of copper, the metal was added 
in the form of cuprous bromide from which the metal was 


* Blue and Mathers : 


Trariii. Amer. Electro-chem. Soc.y Vol. LXIX, p. o29 
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deiiosited with uiiivalency. These results indicate possibilities 
in alloy deposition which have so far been little ex|)lored. 

Silver Alloys. Even in aqueous cyanide solutions the deposi- 
tion of silver allovs is bv no means easv, for while the verv 

< x. ' « 

positive character of the metal in its mineral salt solution 
largely disapj)ears in the double cyanide coin])ounds, it has 
been shown that practically pure silver can be deposited from 
these double cvanide solutions containing a large excess of 

O O 

copper,* and the f)ink colour sometimes obtained with deposited 
silver can therefore hardly be attributed to the presence of 
coy)per in relatively small amounts in the silver solution. 
Mathers and Johnsonf have made a study of the co-deposition 
of silver with a number of other metals by choosing acpieous 
solutions containing other compounds, such, for example, as 
thiourea nitrate and thiocvanates, in which there is everv 
possibility of tlie formation of com|)lex salts which condition 
usually favours alloy deposition. In turn they produced alloys 
of silver and copper, the latter metal being present to the 
limit of ])er cent. The copper alloys with silver decreased 
the resistance of the silver to tarnisliing. Nickel allovs pro- 
duced contained up to 74 per cent of nickel. Tl»ev were 
characterized by their hardness but tarnished more readily 
than pure silver. Tron-silver alloys contained only a small 
pro])ortion of iron. They were more resistant to tarnish but 
were not tarnish |)roof. With cadmium, which was obtained 

silver u|) to per cent, the deposits were onlv 
slightly more resistant to tarnish than silver alone. Co- 
de])osited cobalt, as with nickel, increased the hardness but 
decreased the resistance of tarnish, while silver-lead alloys, 
produced Iroin a solution containing y)otassium silver cyanide 
and potassium pluinbite. developed alloys up to 72 per cent of 
lead, always tarnishing more readily than silver alone. 


* ruins. .S'or,. Vol. \'I. p. 1. 

■■■ 'I'l fins. A>nei\ h’Jt rfto-vhim . .Vor., w.l, I,XX1\’, p. 



CHAPTER XX 

ADDITION AGENTS IN ELECTRODEPOSITION 


Introduction. It has long been known, and the jwactice adojited, 
that the addition of relatively small amounts of certain sub- 
stances vastly improves the ])hysical characteristics of many 
electr()de])osits. As far back as 1S47 bright silver def)osits 
were pioduced by Milward, and ])robably one-half of the 
silver solutions now in operation in the electro-plating of table- 
ware yield deposits of this type, such solutions containing a 
minute amount of carbon disulphide. Since that time, and 
particularly more recently, many similar additions to electro- 
depositing solutions have with advantage been made. In 
general, these added substances are called “addition agents,’’ 
and are ])resent in such small amounts as not to appreciably 
alter the electi’ical properties of the solution. Further, their 
effects are only temi)orarv. They are evidently absorbed into 
the deposits, necessitating ])erkrdic additions. One difficulty 
about their control is that of chemical estimation, and generally 
it can only be overcome by a close v'atch on the properties of 
the deposit with subse(iuent additions more or less on the basis 
of experience. 

Many of these substances are said to be of a “colloidal” 
type, and some consideration of this problem is therefore 
called for. 


Graham’s Experiments on Diffusion. As fai- back as isGl 

Graham observed marked differences in the rates of diffusion 
of substances ordinarilv assumed to be in solution. This rate 
of diffusion was observed by placing the “solution” in a shallow 
boat made of parchment and floating it on water. The passage 
of solute through the ])archment membrane into the water 
could be followed by chemical tests applied, and these (piickly 
led to the conclusion that there was a wide variation in the 

rates of diffusion of different substances. Generallv. the acids 

« 

and their salts diffused comparativ^ely rapidly. In the case of 
common salt, the addition of silver nitrate solution to what was 
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originally ])ure water served to detect this diffusion. Other 
substances, however, such as stanch and albumen, both of 
wliich could readily be chemically detected, diffused only very 
slowlv. Some relative rates of diffusion were determined by 
Graham, but in general he came to the conclusion that those 
substances wliich ordinarily crystallize also diffuse rapidly, 
while those of the non-crystalline type. such, for examjde. as 
gelatin and starch, diffuse onlv verv slowlv. He was thus led 
to divide roughly all these apparently soluble substances into 
two gioups. (1) tlie rrf/sfftlloifls vhich diffuse i’ai)idly and (2) 
the colloids which dififise onl\' verv sl()\^ lv. 

« 4 ^ 

So mail-ced was the difference between the two classes of 
substances that (fraham found it possible to separate crystal- 
loids from colloids by the process of diffusion l)y freciuently 
changing the water in the outer vessel. This se|)aration was 
termed "dialysis, " and finds many applications in tlie world 

of industrial colloidal chcmistr\' to-da\'. 

« « 

Moie recent investigation shows, however, that no such 

strict line of demarcation can be draw n, as a number of sub 

staiuTis which take a (hdinite crystalline form are. in solution, 

slow in diffusion, and theiefore iik(‘ colloids, while other 

substances which arc* non ciwstalline l)(*have nornialU' when in 

« 

solution. 

Furthei'. freezing-point determinations on substances in the 
colloid grou]) sliow molecular weights of a \'ei‘y high order. 
'I'hat of starch, for example, is in the region of 55 ()()(►, indicative 
of a formula of the type where // is of the order 

ot 200. Some more definite classification therefore seems 
necessar\'. 

Subdivision of Matter. It is gen(*rally recognized that solution 
effects the breaking dow n of mateifals to the ordei- of molecular 
dimensions. A])art from dissociation we are, in solutions, 
dc'aling with individual mok'cules separated by mean distances 
determined by dilution, f'or these molecular dimensions we 
need some small units, and for this purj)Ose two units, (1) the 
//. which rejiresents one-thousandth of a millimetre, and (2) 
the ////. wliicrh n'presents one-millionth of a millimetre, have 
come into extended use. .Molecular dimensions bring us down 
to the size of 1////. while the* microscope takes us down to 
o- 0 ()(G mm. or loO////. 


I i 
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Kui. 72. 

PiUNCIPLE OF THE 
ri/ri{A-.MICM()S('()l»E 


Insoluble substances, on the other hand, are relatively 
large, even in their smallest state of subdivision. Those fine 
suspensions which are long in separating out are of the order 
of and here again there can be no sharp line drawn as 

there is no reason to suppose that the processes of subdivision 
take so sudden a jump from lOO^a// down to l/o 

In their behaviour to transmitted light suspensions are 
larger than the usual light waves, and therefore cast shadows, 
and are therefore readily seen by transmitted light. Molecular 

dimensions, however, are below the wave- 
lengths of light and are therefore ‘"missed” 
by transmitted light. They do not cast 
shadows. By the use of oblique lighting, 
however, their presence is seen by the scatter- 
ing of light which they effect. This is known 
as the Tyndall effect. The phenomenon is 
similar to that of the dust particles in the beam of light in the 
darkened room. By the application of this principle, diagram- 
matically rejwesented in Fig. 72, Zsigmondy made computa- 
tions of the dimensions of these colloidal particles of silv'er and 
found them to be of the order of 2*3 X Ih gm. in weight 
and 8 x 1<> ** cm. in radius. Such material is said to l)e 
ultra-microscopic. Moreov'er, it becomes possible actually to 
count the number of ])articles in a given small mass of the 
li(piid,and we are thus getting near to counting molecules. 

This consideration thus seems to bring the matter down to 
one of dimensions only, and to speak of the colloidal state 
dimensionally seems preferential to the use of the term 
colloids. Substances such as ijlue and starch are under anv 
circumstances definitely colloidal but, as has been said, there 
is more difficulty in dealing with other substances which behave 
diff'erentl}^ in different solvents. 

Classification of Colloids. In the realm of the colloidal state 
there are considerable differences in dimensions and also in 
properties. The.se diffei’ences are illustrated in the case of 
colloidal gold and gelatin. Under the slightest |)retext, sucli. 
for example, as the addition of a small cpiantity of an electrolyte, 
colloidal gold separates as an insoluble powder which does not 
revert to the colloidal state by mere contact with the solvent. 
On the other hand, gelatin and its analogues separate only 
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\s'ith difficulty, and then in contact witli the solvent readil\' 
revert to their original colloidal form. 

1 he nomenclature of colloidal substances has undert>'on(* sojiie 
change. Tlie two main groups are (‘ailed — 

( 1 ) H 3 'droj>hobic (meaning water-hating) colloids, irre- 
versible colloids, colloidal sus|)ension.s or suspensoids. 
These terms cover the group which im^ludes the metal 
colloids which when |)recipitated do not easih' pass back 
into the colloidal form. 

(2) Hydi-o|)hilic (meaning water lo\ ing) (‘olloids. i‘(‘versibl(‘ 
colloids or (nnulsoids. 'riu'se include ghu* and gelatim^ w hich, 
after dr\ing. r(n'ert witli water to the colloidal state with 
ease. Tluy are also calk'd colloidal sohitiojis. 

The jiretix hydro- relates to the colloidal state with watei- 
as the dispei-sion medium. For othei- licpiids the preti.x lyo- is 
substituted. 

In the case of the suspensions, the terms 'disperse phase” 
and "dispersing medium" are applied to those parts which in 
solutions are termed the solute and solvent. 

In the (*ase of the colloidal solutions, or sols as the\‘ are more 

1 1 c I ( ‘ a|i|)c‘ius to he a .strong athnity uitli tlie 
solvent and. moreover, they are furtlier divisible inlcj two 
tiroups known as (I) colhddal elect I'olytes in view of’ the fact 
that they f'oiin definite ynoiips which cairy electric charges and 
are suhieet to migration nndei- the influence of a potential 
difference, and (2) non-conducting colloidal solutions. 

Colloidal Suspensions. In the ca.se of colloidal suspensions 
in water there is little affinity between the dispense pha.se and 
the water. They are, as a rule, leadily precijjitated by the 
presence of small amomds of electrolytes. Their prej)aration 

therefoie must be edected in the ab.sence of such electrol\ tes. 
Several methods are a\ ailable 

). HredKj'.s )i,ctliod involves striking an are between two 
points of the metal undei’ water. The metal is vaporized under 
the intense heat of the arc. and .some of it is retained in the 
pure water in the colloidal form. 

2. ('hemical methods involve double decoinjiosition in the 
ab.sence ()f strong electrolytes. Thus sulphuretted hydrogen 
|)assed into an aqueous solution of arsenious acid vields 
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colloidal arsenious sulphide, whereas from arsenic trichloride 
the sulphide comes down as an insoluble precipitate owing to 
the preseiice of the electrolyte (HCl) produced in the reaction. 

Another method is that of chemical reduction, such, for 
example, as the reduction of auric chloride by the addition of a 
solution of yellow phosphorus in ether, or by tannic acid. 

In some cases the mere ^\•ashing of a precipitate with dis- 
tilled water serves to take up the substance in the colloidal 
form. This occurs with cadmium sulphide, as students of 
. st T y will know. Similarly, sodium hydroxide 

takes up chromium hydroxide and does not dissolve it. 

Where electrolytes are produced in small and not immediately 
interfering quantities, they may subsequently be separated by 
the process of dialysis. 


Properties of Colloidal Suspensions. Under the ultra-micro- 

scope, suspensions are observed with a definiteness which admits 
of an approximate computation of their size and mass being 
made. They are then shown to be considerably larger than 
molecular dimensions, this accounting for their slow diffusion 
and the low osmotic pressure which, under ordinary theory, 
results from large molecular weights. Moreover, under the 
ultra-mici'oscope they are observed to be in a state of continuous 
vibratory motion. This j)henomenon was observ^ed as far back 
as 1823 by Brown, hence the name Brownian motion. This 
motion is due to the molecular bombardment of the molecules 
of the dispersion ])hase. It decreases with the increase in the size 
of the particle and disa])pears when these are of the order of 3// 
diameter. Still further, these colloidal suspensions carry electri- 
cal cliarges and are divisible into two grou])s according to the 
charges which they carry. Thus the metallic hydroxides are 
po.sitively charged while the metal colloids and tlie juetallic 
sulj)hides are negatively charged. Another curious feature 
about these suspensions is the fact that they are easily coagu- 
lated by the presence of electrolytes, and further, the precipi- 
tating power of these electrolytes has some dependence upon 
the valency of the coagulating ions. 


Peptization and Coagulation. Km til I r^^ 1 \ cl t t s ^ 

now be referred to. The production of colloids is termed peptiz- 
ation, a good example of which is the conversion of insoluble 
proteins into soluble peptones by enzymes in the digestive fluids. 
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The reverse f)rocess of converting the colloidal into insoluble 
material is termed coagulation or flocculation. This is often 
effected bj heating and also by the addition of electrolytes, 
in which case there is some relation between the coagulatin(>‘ 

pov er and the valency of the ions. ^ 

_ _ ^ 

Cataphoresis (Electrophoresis). Since colloidal .sus[)ensioiis 
are electrically charged they migrate to one electrode or the 
other under the influence of an applied P.D. This motion is 
known as cataphore.sis or electrophoresis, and by it we can 
at once visualize the application of the principle to the separa- 
tion of the i)ure colloid as in the ca.se of colloidal clay. Prom 
the point of view of electrodeposition we are more concerned 
with those colloids which migrate to the cathode and there 
exert some beneficial effect on the character of the de])osit. 
This catajihoretic motion is relative to the solvent, but if, by 
the application of a diaphragm compo.sed of the material of 
the dispense phase, the motion is .stayed, then the solvent itself 
is .set in motion moving towards either electrode and. passing 
through the porous diafihragm. alters the levels of the water 
on either side. Ihis motion of the dis|)er.sion medium is known 
as electro-osmosis. Sonic allowance for this effect mn.st there- 
fore be made in the determination of the hvdration of the 

ions by the measurement of the amount of water carried with 
the ion into or from the catholyte. 

Amphoteric Colloids. Again, some of these colloids do not 
exhibit a jiermanent charge of either sign. In the case of 
gelatine its charge varies with the p„ of the solution, fl'his 
amphoteric behaviour arises from its chemical constitution, 
(.elatme belongs to the group of conijilex amino acids of the 

general formula p/ i„ which R represents a complex 

organic radical, while C()()H and repre.sent the not neces- 
.sarily simple acidic and basic groups. In the iiresence of an 
acid the ammo group comes into reaction with the formation of 
a gelatine salt, the chloride, for example, which may be written 

p/COOH ^ 

\ xTu this salt IS capable of ionization as follows 


NHX'l 


,./COOH 
\NH3('1 ' 


xsr " r ^ 
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and this explains the migration of the comj)lex gelatine radical 
to the cathode. 

In the jiresence of a base. ho\vever, the COOH group enters 
into reaction, forming a salt of the type which 


again is amenable to ionization as follows 


p/(X)ONa 

\NH. 


COO 

NH., 


+ Na-» 


giving a complex gelatine ion which migrates to the anode. The 
critical or iso-electric point for gelatine and many complex 
proteins is an acidity of p„ 4*7, this being regarded more as 
a range of j)„ than an actual ])oint. At this acidity gelatine is 
neutral, migrating neither in one direction nor the other. At 
lower Pf,. including therefore the conditions of the acid copper 
bath, the gelatine migrates to the cathode and there exerts 
some beneficial influence. This good influence, however, is 
not observable when gelatine is added to the alkaline bath as. 
at the j)i, then ruling, the gelatine complex is negatively charged 
and so migrates to the anode. Very doubtful or negative results 
attend the addition of gelatine to the acid zinc and nickel baths, 
in both of which j)i/s are above the iso-electric point. This view 
of the behaviour of gelatine based on its chemical constitution 
at least ofl'ers some reason for its observed results when added to 
electrodeposit ing solutions. 

Applications in Electrodeposition, Inhere are numerous 
applications of tliese migrating colloids with absorption and 
improved characteristics of the deposit. Probably the first 
record was that referred to in the case of the bright silver 
de|)osit by the addition of carbon disulphide. In 1885 Kiliani, 
exploring the conditions for the electrolytic refining of copper, 
observed the imjuoved appearance of the deposit in the 
j)resence of tin in the crude co})per, and therefore in the solution. 
Doubtless the tin com})ound in the solution h\'drolized with 
the production of some colloidal hydroxide wliich was 
responsible for the improvement in the deposit. 

Since that time inanv other observations have been made, 
recorded, and usefully applied. To juention only a few, the 
addition of gelatine to the acid co])per bath and more recently 
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the use of phenol-sulpluiuic; acid are evervdav applieatioiis. 
Lead dei)osits are particularly susceptible to “treeing.” that 
is. the formation ot long tree-liUe crv.stalline growths, hut a 
miraculous change for the better is made with the addition of 
gelatine or glue in the ftuosilicicide solution as u.sed in the Betts' 
refining proce.ss, or the addition of [)eptone to the acid per- 
chlorate bath. For the tluoborate solution glue makes a iisefid 
addition, while de.xtrine in the cadmium solution is common 
practice. " Acid zinc sulj)hate solutions are improved by the 
addition of aluminium sulphate, presumably with the hydro 
lysis and the production of colloidal aluminium hydro.xide. 
few practical flepositing stjlutions are cntirelv free from such 
additions, (./onsnmption ot the.se so-called “addition agents ’ is 
definite but small. probal)ly of the order of .‘ to I 11). per ton of 
deposited metal, and this loss is caused b\' tlie minute addition 
of the pi'ccipitated colloid into the de[)o.sit. 

One objection to the tise of these addition agents, in spite of 
their recognized advantages, is the difficulty of control by 
analysis, and this diflicult\' is d(>pendent not onlv on the small 
amount present, but also by the fact that, with continued 
electrolysis, the chemical chaiacterist ics of the added substance 
change beyond recognition. 'I’hus after a short period of 
ticctrolysis the phenol add(>d to the acid cop])er bath is not 
detectible. but the good infiuences still persist. Prcsumablv the 
phenol has undergone chemical transformation with' the 
production ot other sub.stanccs not readily recognizal)le bv 
chemical analy.sis, but of even improved effects onlhe deposit 
I Ins process <)f bringing the solution into its most effective u.se 
IS called “ageing,” and has long been practi.sed emiiirically and 
still obtains some use. In the ab.sence of analytical work the 

can only he made u])()n insj)ec- 
t ion of tlie deposit, aiul this is a somewhat more ar})itrai-v 
method of conti'ol than ojie ^^overned hy exact analysis. 

f * 1 ^ . ])resenc(‘ of small amounts 

o ac (lit ion agents in deposits has been repeatedlv recorded 
.Metallurgical e.xperience expects us to look as a first result to a 
reduction on the cry.stal .size in the iire.sence of such impurities. 

A tlie same time it is observed that usuallv such organic 
additions increase the brittleness of the deposh. and in these 
days when every effort is being made to improve the ductilitv 
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of deposited metals the use of these additions does not offer all 

the advantages that could be desired. Nor is it possible to give 

credence to the suggestion that the extraordinarily fine grain 

growth of the mirror dike deposits of bright nickel — to take 

one example — is due to such inclusions, especially as in this 

case, these mirror finishes are obtained Avithout any addition 

of the type which would yield colloidal constituents in the 
solution. 

According to one definition of an addition agent there should 
be no marked change in the electrical properties of the solution. 
This would, of course, exclude sulphuric acid in the acid copper 
bath from effecting the role of an addition agent. Nevertheless 
sulj)huric acid does improve the physical character of copper 
deposits, and some of these addition agents do make for an 
increased electrical resistance of the bath. This appears to be 
due to the fact that, migrating with the metal ions, they may 
form some type of high resistance diaphragm round those 
portions at which they have congregated by reason of increased 
current density on prominent areas. Building up such a film 
would divert the current from these more prominent parts of 
the cathode, and thus make for increased throwing power and a 
more uniform de])osit. One observer stated that the addition of 
O-I per cent of gelatine to a copper bath doubled its resistance. 
As a diaphragm movable in the direction of high current density 
at prominent spots, these colloids decrease the current on these 
ex|)osed parts, and this makes for a more even deposit. This 
suggestion does not account for the loss of the colloid, and it has 
been shown that from a co])per solution containing gelatine a 
cathode efficiency of over 100 per cent could reasonably be 
accounted for by the amount of gelatine added to the solution. 

Again, adsorption of the migrated colloid with a reduction of 
the grain size of the def)osit is [)ut forward as another ex})lana- 
tion of the improved deposit. It has, too, frequently been 
|)ointed out that many addition agents are chemically 
reducing, and might therefore have some good influence by the 
reduction of basic compounds in the liquid film adjacent to the 
cathode. 

Tlie chemical view to which reference has been made and 
which has been put forward by Frolich provides a reasonable 
explanation of the presence in many cases of addition agents 
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in the deposits by tiie jn'ocess of ‘■co-preeipitatioii." the 
migrating colloid being discharged in contact with the cathode 
and deposited with the metal. 

The moving diajjhragm theory would accoimt for the im- 
proved throwing ])ower in the i)resence of addition agents by 
its deflection of the current from the prominent to tlie more 
recessed ])arts of the cathode. Alternatively, it would account 
for the greater difficulty in the migration of the cop|)er ions 
towards the cathode, leading to a deciease of copjjer ion con- 
centration and with it increased cathode potential and therefore 
imjjroved throwing powei'. 

'I'he whole problem is one of inteie.st upon which new lines 
of evidence will doubtle.ss be foithcoming. In the meantime, 
more accurate empirical knowledge of the behaviour of the.se 
sub.stance.s should facilitate the* foiiuulaticrn of a more ac.'curatc* 
conception of their e.xact role. 

While many of these brightening effects in electrodeiiosition 
have been arrived at (|uite empiricallv, a clo.ser e.xamination of 
the problem has revealed some of the mechanism of the changes 
iiivolved. J bus Kgeberg and Promisel,* assuming that caibon 
disulphide is not the real brightening agent in the usual bright 
silver solution, although invariably the substance added to 
produce that effect, inve.stigated the results of the addition of 
sulphur coinpounds of the thiourea and dithiocarbamate 
clas.ses, which niight result from the reaction of the added 
carbon disulphide with the other constituents of the .solution 
Some of the.se they found to be very effective in brightening 
silver de])o.sits. and they were able to deduce a general formula 
of the type ('S^.(XA) (\H) where .r may ecjual 1 or 2 and A and 
B might be hydrogen or hydrocarbon (preferably methyl) 
guoiips. A number of the additions gave mirror-like deiiosits 
tai* e.xceedmg the usual brightne.ss jireviouslv obtained with 
carbon disulphide. While, too, the brightne.ss'might be due to 

tlie co-depositioii of suti-microscopic silver sulphide, which may 

in turn nmdify the crystal structure of the silver, it was thought 
tliat this did not afford a complete answer to the jiroblem. 

Tntn.s. Autvr. KIcrl ro-rhem . Nor.. EXXI\', p. 211. 


CHAPTER XXI 

STRONG ELECTROLYTES 

Introduction. Several references have already been made to 
the fact that strong electrolytes exhibit behaviour which is not 
altogether consistent with what might be anticipated from the 
conclusions drawn from experiments with weak electrolytes. 
The terms ‘’strong ’ and “weak” as applied to electrolytes 
refer to the degree of ionization at what may, in general, be 
called moderate concentration. For example, acetic acid is only 
very feebly dissociated. It is a weak electrolyte, while potassium 
chloiide at normal strength is considerably dissociated. It 
constitutes a ‘‘strong” electrolyte. 

Strong electrolytes may be roughly regarded as those which 
at 0*1 N strength are dissociated to the extent of oO per cent 
or more. Other electrolytes are weak. 

At moderate dilutions, therefore, there are numerous ions in 
a given volume of strong electrolyte. A general study of the 
behaviour of solutes, whether dissociated or not, leads to the 
conclusion that they are in a form somewhat analogous to that 
of gases. The solid substances have in fact evaporated into an 
atmosphere of solvent and there behave in a manner very 
similar to that of a liquid which has evaporated into a vacuum. 
Now these gases exhibit well-defined behaviour under pressure 
and also with changes of temperature. These are known and 
have been dealt with in Chapter IV. There it was shown that 
there are considerable deviations from the known simple laws 
when the pre.ssure is high, that is, when the molecules are more 
concentrated. When, for example, the molecules are close 
together, interrnolecular attractions are evident which are 
altogether negligible in the gas in the more attenuated form. 
These molecular attractions seem to be putting the gas under 
a })ressure greater than that recorded. These attractions are 
ca])able of physical computation and take the form of the 
a ^ factor introduced into Van der Waal’s modification of 
tile usual Pl^ - P7' equation. 
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Abnormalities in the behaviour of gases are thus explained 
and the problem of strong electrolytes might with advantage be 
compared with that of the ‘’strong’ or highly compressed gas. 

lake, tor example, the case of an equivalent solution of 
sodium chloride. Assume for the moment that it is undis- 
sociated. (’onsider its osmotic pressure. Reference to Chapter V 
will show that for the osmotic pressure to be the e(juivalent 
of atmospheric ])ressure. the concentration of the salt should 
be of the order of a gramme-molecule in 22-32 litres of solution. 
The normal solution of salt will thus have, without dissociation, 
an osmotic pressure of 22-:32 atmospheres. This osmotic 

increased (almost doubled, in fact) due 
to ionization and we thus have the salt “va[>our'’ in a some- 

u hat compressed form, possibly introducing factors not present 
ill the more attenuated material of dilute solutions. 

Again, the osmotic pressure of strong sugar solutions is fai’ 
gieatei than that in accordance with the usual simple law, and 
this is explained liy the suggestion that sugar molecules com- 
bine. although loosely, with water molecules, leaving less free 

water as solvent and therefore increa.sing the conceidrat ion of 
the solution. 

Heie. then, are possiliilities whicli might be explored to see 
whether they have any application to electrolytes. In other 
words : Are the ions as simjile as is indicated by the well-known 
symbols such as Xa. for sodium and Cl for clilorine t 

Are the Ions Simple? (‘onsider for a moment the relative 
rates at which these ions migrate under similar electrical con- 
ditions. These rates have already been set out in a iirevious 
chapter (IX), but for the sake of clearness a few examj)les are 
given, these are the ca.ses of the alkali metal ions, and their 

relative rates of migration are compared with tlieir ionic 
masses, thus — 

TABLE LXXV 

MKiKATlOX KATES OF ALKALI IONS 



L. 

Xa K 

Ub 

Cs 

loiiit- mass 

• * 

4 

-M) 

1 1 

1 s(i : 

1 

ELI 

1 

m*lali\o I'iito of 

!IK 

* ♦ 1 

i:m liMi i 

1 1 

20-.") 

1 

, 2C 7 

j 
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Here is shown the somewhat surprising fact that the lighter 
ions move more slowly than the heavier ions. The same kind 
of effect can also be seen in other cases of ions which, by 
chemical classification, are regarded as somewhat alike We 

are forced to ask whether the ions are as simple as the usual 
expressions for them (Na. and Cl") indicate. 

Hydration of Non-electrolytes. Now there is plenty of evi- 
dence to suggest that when a substance dissolves in water it 
forms either definite chemical compounds with the water or, 
alternatively, some loose associations by a concentration of 
water molecules around the molecule of the solute. 

It is, foi example, well known that solutions have higher 
boiling-points than the solvents, and also lower freezing-points. 
A salt solution boils at ov^er 100° C. and freezes at below zero. 
This is a very general rule. When salt or sugar molecules have 
been added to the water it is more difficult to separate water 
molecules either in the gas form by boiling, or in the solid form 
by freezing. There is evidently some combination or attraction 
between the molecules of the solute and those of the solvent. 

Again, another physical property of solutions points in the 
same direction, \\ater, for example, dissolves gases and, to 
take the case of an inert gas, that is, one which does not com- 
bine and form compounds with water, hydrogen may be 
selected. The determination of the solubility of hydrogen in 
water is, to those expei'ienced in this w^ork, a relatively simple 
matter, f nder standard conditions 1 000 gm, of w^ater will 
dissolve a certain definite volume of hydrogen gas. The same 
quantity of w^ater to which sugar has been added dissolves only a 
smaller volume of hydrogen. It w ould appear from this that in 
the solution only a j)art of the water is ‘‘free” to perform the 
function of dissolving hydrogen, while the remainder is in 
some manner fixed and not available for dissolving hydrogen. 

Moreover, the reduced volume of hydrogen dissoh^ed giv^es 
some indication of the amount of water not now' free, and it is 
on these lines that the problem has been explored. 

In Table LXX\"I we have the results of exj)eriments carried 
out on the reduction of solubility of hydrogen in solutions of 
cane sugar (C\ 2 H 220 ij) of varying concentrations. 

Take the case of the 16*67 f)er cent solution. A litre weighs 
1 068 gm. of which 16*67 or one-sixth is sugar, that is, 178 gin. 
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a 


lVrc-t*iitag(' i 
Strength 

i 

1 

1 

Donsit V 
% 

1 

( 

! 

c.c. H }if).sorh('<l 1)\' 

1 

t 

Moleeiilar 

1 Hytlrat itaj 

1 litre 
Solut ion 

‘ 1 000 gni. 

W'atei- 

1 

0 

Iti-OT 

30 08 1 

47fir> 

1 -000 

I-OOH 

1-120 

1-218 ' 

% 

l.l-Ol 

12-84 

8-02 

18-83 

17-r)4 

I()-2r» 

14-02 

1 

\ 

ti-0 

.">•4 


111 ^ 111 . wacer. i nis dissolves lo-Ol c.e. hydro- 

gen. Ill 1 000 gin. of water tliere would lie a eorre.sponding 


solution of 


. 15-()! X 1 OOO 


890 


- IT-o-l- c-.o.. wiiich is recoifled in 


coluiim 4. Tills ligure i.s markedly les.s tliau that for I 000 <rm. 
of water in the absence of sugar. The difference rejue.sents'the 
inoportion of the water not free for dissolving hydro-’en and. 
therefore. |)re.suinabl\\ combined with the sugar. Hence 
b ruction of watei* 

i 8'8.‘5 — 1 7'o4 
18-82 


i 


not dissolvinor 

hydrogen 

Water 


and 

Mols. 


combined 

18-8:3 — 17-54 

(ion 

1 gm. sugar 

18-8:3 

X — 

water peu' 

__ 18-8:5 17-54 

(100 


^ 1(W)7^ 
I b*i)7 


18-82 


- iO-07) .242 

10-07 ^ 18 


O-.") 


I Ins figure is entered in the last column of the table, and 
othei similar values are derived for other concentration.s 
Ihese are not neces.sarily whole number.s. The probability i.s 

sho ildTr I'.vdrates, in which case there 

should be. according to the well known law of mass action a 

great ei degree of hydration in the more dilute solution and 

this IS indicated in the results obtained by this method 

It will thus be seen that there is clear evidence that simar 

molecules become hydrated when dissolved in water. FurtlSr. 
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the degree of hydration increases with dilution. This again is 
as might be expected from the law of mass action. 

Many examples of inorganic salts which combine with water 
in more than one proportion are known. Copper sulphate 
crystals are ('U8O4.5H2O at ordinary temperature. With a 
slight elevation of temperature water is lost progressively until 
a fairly stable monohydrate, CUSO4.H2O, remains, the remain- 
ing molecule of water demanding a much higher temperature 
for its expulsion. Again, from solutions of sodium sulphate 
below 32-4° C. the crystals obtained are Na2S()4.I0 HgO, while 
those obtained ficmi solutions above this temperature are 
anhydrous. The temperature mentioned, therefore, is the limit 
for the existence of the hvdrated molecules. 

This (combination of solvent molecules with ions or molecules 
is termed ‘‘solvation,’' and thus the term hvdration becomes 
a specialized application to aciueous solutions. This conception 
of hydration was originally due to Jones, who introduced it in 
1891) to account for some of the othei'wise unexplainable 
observations on the behaviour of electrolytes. 

Data for another substance, chloral hydrate (Ctlg.CHO.HgO) 
and given in Table LXXVTI, show that here there is no 
formation of similar hydrates, this being deduced by the 
constancy of the figures in column 3. 

TABLE LXXVn 


HYDHOCJEX AH8UHPTIOX BY CHLOHAl. HYDHATt 

SOLUTIONS 


c.c. H absorbed bv 


Percentage 


Strengtli 

i 1 litre of 

i lOOOgm. 


Solution 

1 

Water 

401 

1 18-39 

18-95 

1 

709 ] 

1802 

18-92 

14-56 1 

17-12 

18-78 

18-77 

16-53 

18-69 

29-5 

15-42 

19-07 

( 1 ) 

(2) 1 

1 

(3) 


Abnormal Osmotic Pressures. In 

of interest to compare some examples of abnormal osmotic 
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pressures, especially in the case of non-electrolvtes. These will 
be seen to bear a similar interpretation. The following results 
were obtained for sucro.se and dextrose (liable LXXTHI). 

T.Ain.K LXXVIII 

ABNORMAL OSMOTU’ PKES8LHKS OK SU(iAR SOLKTIONS 


SiuTDse 


I 


Dextrose 


(bn. per litre 
Solution 

1 

(^)h. P. ( At nn)s. ) 

_ 1 

(bn. per litre 
Solution 

Os. P. ( At iiio.s. ) 

180 

300 

420 

r)40 

titio 

7 .”)< ) 

[ 

1 

13-90 

21-77 

43-97 

(i7-r>l 

loo 8 

133-7 \ 

99-8 

!99-r, 

319 2 

448-ti 

o48-(i 

13-21 

29-17 

.">319 

87-87 

121-2 

1 

} 

1 


In both cases there is an abnormally rai)i(l increa.se of the 

osmotic pressure with increa.se of concentration. While this 

might be regarded as indicative of a loss of solvent it init^ht 

not be .safe to regard this as the .sole reason for the abnormalitv. 

Other factors, not too well explored. ma\' make some 
contribution. 

Hydration of Electrolytes. It will now be of interest to 
observe the hydration of an electrolyte. As an example, potas- 
sium chloride will be selected. Figures comjiarable with tho.se 
o jtamed with sugar are embodied in Table LXXIX which 
show a larger degree of hydration than witli sugar. 

I ABLE LXXIX 

hydk.vtiox of KCl 


P»*rc(*iilag< 

SirtMigtli 

K(’l 


0 

3-83 

7-48 

1213 

19-21 


1 leiisit \ 


1-024 

1047 

1-078 

1128 


e.f. H absorhcd bv 


1 litre 
Siilut ion 


U)-07 

14-89 

12-79 

10-12 


1 000 gill. 

Water 


18-83 
Hi- 93 
15-30 
13-5 
11-10 


Molecular 
H v<lrutioji 


lU-() 

9-4 

8-0 

7-2 
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Extend this method to a number of other electrolytes. The 
following degrees of hydration in terms of molecules of water 
per molecule of solute are generally accepted for normal 
solutions. 


TABLE LXXX 

MOLECrLAK HYDRATION OF N. SOLUTIONS 


Sodium chloride . . .11 

Potassium chloride 9*4 

Magnesium sulphate . .25 

Sodium hydroxide . 20-5 

Potassium hydroxide . . 19‘5 

Litliium iodide . . . .40 


In the case of electrolytes, however, we meet with the com- 

V 

})licatioii that the solute is in part dissociated. The ions, too, 
may be hydrated and to extents which differ from the molecular 
material. In most of the examples recorded, the degree of dis- 
sociation is considerable, and we are therefore more concerned 
with ions than molecules. The problem becomes complicated, 
but if we for a moment assume nearly complete dissociation, 
we have some idea of the degree of hydration of the two ions 
concerned in each case. 

Taking the figures in 'fable LXXX it will be obvious that in 
the cases of the three alkali metal halides ol lithium, sodium 
and ])otassium we have in each case the same amount of the 
halogen ion. We may not at present know the degiee of hydra- 
tion'of this ion. At any rate we have no reason to believe that 
it is markedly different in each case. This, therefore, leads to 
the conclusion that the lithium ion is more heavily hydrated 
than that of sodium, whicli in turn is more hydrated than the 

l)otassium ion. 

These residts would therefore .seem to be in harmony witJi 
the relative rates of migration. Lithium ions in migration aie 
dragging with them a number ot molecules of water, the biuk} 
aggregate meeting with more resistance than in the case of an 

ion less hydrated or even free from hydration. 

Apparently, therefore, the ions are not so simple as may at 
first have beVn imagiived. but at the same time it is a difficult 
matter to .se])arate completely the problem to get any accurate 
idea of the degree of hydration attaching to the individual ions 

Assume for the moment that lithium ions are associated 
with water molecules. Whether in the form of a definite chemical 
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compound or onl}'' as a relatively loose association need not 
for the mojnent matter. The migration of the lithium ion will 
then cause the flow of water towards the cathode, thereby 
increasing the quantity’' in the cathode compartment of the 
cell. There is also to be taken into account that which is 
similarly transported by the process known as electro- 
osmosis, which refers to the movenieat of the solvent 
towards electrodes under the electrostatic influence of the 
a])plied e.m.f. 

Imagine a cell with a carefully prepared diaphragm made of 
gelatine so that the exact amount of water passing towards the 
cathode when lithium chloride is electrolyzed can be deter- 
inined. Making a correction for electric endosmose, the (juan- 
tity of water ])er faraday may thus be obtained and at once 
a.ssociated with the ([uantity of lithium migrating. In this case, 
again, some note must be taken of water wliicli mav be elec- 
trically carried in the opposite direction by tlie anion - 
seemingly a complex set of circumstances. 

Vet this jainciplc has 1)C(mi applied with varying degrees oi’ 
siicce.ss by a number of wtnkeis. While not altogether har- 
monious (juantitativeiy. they do agree tliat there are different 
degrees of hydration of the alkali ions, and also that this is in 
the order anticipated by the apparently abnormal migration 
rates, dlie method adopted can at the most give comparative 
degrees of hydration, but as the result of a considerable amount 
of work the approximate degrees of hydration of a number of 
the ions are given as follows — 


Hr - 3: ('1 


K ~ 5 ; X a 


H 


9; Li 13 


14 


1 his is another example of the fact that electro-chetnical 
phenomena are not of the most simple type, for in this case we 
have not been concerned with the transport of simple ions but, 
as later investigation show s, that of complex hydrates, and the 
amount of comj)incd water at once alters the concenti*ation of 
tire solution and the sjreed of the ion. 

Several other methods have been applied to the experimental 
determination of the degree of ionic hydration. In one method 
adopted fry \\ ashburn. the determination of the transport 
number’s was made in aqueous solutions containing a definite 
addition of a non-electrolyte such, for example, as raffinose. 
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3y tli6 U.S6 of such an indifferent reference substance and 
with some allowance for electro-osmosis, some idea of the 
relative degrees of hydration of the two ions concerned can be 
aiiived at. The data can, in any case, only be relative and 
conversion to more absolute values is based on the recognized 
fact that large organic ions carry no water of hydration, and 
this provides a starting point in the determination of the 
absolute degrees of ionic hydration. 

It was by this method that the following amounts of ionic 
hydration were determined on the assumption that the 
hydrogen ion is mono-hydrated — 

(1 - 4 ; Li -- 14 ; Xa = 8 - 4 ; K 5 * 4 ; Cs = 4*7 


As far as the alkali ions are concerned this hydration, 
follows the progressive lines which might be expected fi’om 
Mendeleef's classification of the elements and accounts for 
the somewhat unusual rates of migration to w'hich reference 
has already been made. 

These and similar results give clear evidence that usually 
light ions are more heavily hydrated than the heavier ions. 

Further, these ‘'hydrates'* should be less conspicuous in 
dilute solutions. 

As will also be anticipated, these hydrates w'ill be less stable 
w'ith elevation of temperature, and it will be recalled that the 
disparity between the relative rates of migration of the ions is 
decreased with an increase of temperature. Illustration of 
this has already been given in Chay)ter IX, Table XXXII, 
])age 108. 


The fact of ionic hydration, however, cannot be regarded as 
adecpiately ex])laining the know n deviations of strong electro- 
lytes from Ostwald’s dilution law (Chai)ter VIII), otherwise 
they ought to come into line in the more dilute solutions. 

Some further factt)rs must be sought. 

Complex Ionic Compounds. Referring again to Chapter IX 
it has been seen that there is evidence for the combination of 
ions wdth molecular material, the complex ions thus formed 
introducing marked deviations from simple theory. Thus, the 
anion has been shown in relatively strong solutions to give 
a transy)ort number in some cases exceeding unity, and this 
has been show n to be due to the combination of the iodine ion 
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with molecular cadmium iodide leading to the transport of 
excess of iodine together with cadmium in the form of a 
complex ion to the anode. 

Is this formation of complex ions a phenomenon of relatively 
()ccasional occurrence or has it a wider application than may 
have been imagined i Recent work goes to show that tlie 
formation of complex ions is a relatively fre(|uent occurrence, 
and, if this is so. we may have another cause for the anomalous 
behaviour of some electrolytes. To deal with tlie matter 
quantitatively demands some mathematical treatment and the 
introduction of |)hysioal [>henomena ratlier beyond the sc'ope 
of an elementary treatise. It may. however, suffice to say tliat 
there is now adduced abundant evidence of the existence of 
the compl(*x ions. It has been shown, for example, that in the 
case of rhubidiiun and magnesium suljihates. the metal ions 
may be made to migrate to the anode in the presence of a 
large excess of the sulphate of the other element, and in many 
cases there is evidence of mo!*e metal migrating to the anode 
in the form of a com|)lc\ ion than towards tin; cathode in the 
form of the simple metal ion. 

Exceptional cas(*s of the com|)l(*x ion iormation oecui' in the 
cases of the doul)le cyanide compounds lai'gely used in electro 
depositing piocesses. and in which tlie formation of complex- 
ions is practically complete. Theie is ever\- possible tran- 
sitional stage from the complex ion condition to that of the 
simple ions in very dilute solutions. If such complexes exist, 
and the evidence that they do seems to be undisinited, tliey will 
certainly constitute factors with an imiiortant influence on the 
mechanism of electrolysis, introducing deviations from the 
well-defined simple laws deduced in their absence. GJeneralh', 
it has been the experience of scientific discovery that the first 
simple obseivations sufficed for the formulation of the first 
simple laws, which re(|uired am|)lificat ion as the range of 
knowledge with its (ximplexities increased. 

Idle theory of complex ions still leaves us with the tiiought 
that ionization in solution is only jiartial. 

The Theory of Complete Dissociation. Other workers have 

gone niuch further than this and have suggested that for many 
electrolytes the dissociation is complete even in solutions of 
moderate strength. If this is the case, the idea of degree of 
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dissociation as deduced from the relation of the equivalent 
conductance to the maximum value at infinite dilution, will 
require considerable modification. If the thought of degree of 
dissociation seems so simple and clear that we may be loth to 
have to modify it, we have still to account for this markedly 
abnormal behaviour of so many well-known electrolytes to 
the dilution law. Towards the explanation of this abnormality 
there has been advanced the theory of complete dissociation, 
and It was with this in mind that, when the relation between 
equivalent conductance and the maximum values was con- 
sidered, the term conductance ratio was introduced as an 
alteinativ^e to degree of dissociation. The former term simply 
e.\presses a fact, while the term degree of dissociation intro- 
duces an interpretation of the facts which may be open to 
some objection. 

doing still further back to the substance in the solid form we 
ha\ e now , by the more recently introduced methods of crystal 
analysis by means of X-rays, some idea of the ultimate con- 
stitution of crystals, and here it has been abundantlv sliowai 
tliat, for example, the ultimate .structures of the Xa(ll or KCl 
crystals do not consist of arrangements of molecules of these 
substances but rather of the ions them.selves. Their freedom 
of motion is e.xceedingly small, but their presence accounts for 
the otherwise unaccountable, though slight, conductance of 
these substances in the solid form. 

Again, if in the form of solution the salt is completely dis- 
sociated, we have still to e.xplain the apjiarentlv steady increase 
in equivalent conductance with dilution. 

lo account for the observed facts the theorv has been 


advanced by Debye and Hiickel tliat the oppositely charged 
ions have some influence upon each other. Quite ajiart from 

it may readily be conceded that a 

* « « 

positiyely cliarged ion of sodium may constitute a nucleus 
around wliich there will be some tendency for the collection 

V 

or segregation of oppositely charged chlorine ions. During their 
migration to the anode tJiose clilorine ions are j)ossibly dragging 
with them a sodium ion, or at least im])eding its migration, 
towards tlie cathode, thereby introducing a complex circum- 
stance not allowed for in the simple deyelopment of the theory 
of Arrhenius. 
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ThLs ionic atmosphere, whicli is an ecjnilibrium in the absence 
of ionic migration, at once becomes disturbed wiien migration 
begins, tlie atmosjdiere being dissi])ated at tiie rear of the ions 
while a new one is formed witli the movement of tlie ion. This 
must involve a time factor and constitute impedance to tlie 
movement of the ion. In addition, tlie moving ion imparts some 
of its motion to the molecules of the solvent, this providing a 
further frictional resistance to the nio\ cnient of the ion. 

According to this theory of comjilete dissociation, the in- 
creasing equivalent conductance with dilution is due, not to 
an increasing proportion of ions, but rather to the greater 

mobility of the ma.ximum lunnbcM' of ions already e.xistiii"/ even 
in the strong solution. ‘ ” 


riie subject is one which calls for .some advanced physical 

treatment, but this includes the idea that the retardation cau.sed 

by the breaking up of these ionic atiiiosiihercs is in some measure 

dependent upon the square root of the concentration, which is 

in accordance with Kolilrausch’s formula to whicli reference 
has been made on page 9S. 

Ihe c.xplanatioiis of the anomalous hehaxiour of sfroim 
electrolytes therefore involve two diametricallv oppo.sed sm” 
gestions. one involving the complete dissociation of the sub- 
stance at all concentrations, and the other delinitelv smrgostim/ 
only partial drssociation. It may lie recalled that w"ith the 
mtrodiu'tion of the theory of di.s.sociation by Arrhenius more 
than fifty years ago. this entiiely new concc|)tion was oppo.sed 
by promment British chemists, who jiut forward an alternative 
suggestion that the iimx ly ob.served properties ofthe.se electro- 
lytic solutions were due in part at least to the formation of 
comple.x hydrates. Some amalgamation of the.se two ideas has 
after many years, come to be accepted, and one wonder.s 
whether apparently opposite views on the coii.stitution of .strom^ 
e ectrolytes may yet come to he reconciled w ith each other. 

Ihese and other modifications of the conceptions of the 
constitution of strong electrolytes receive e.xperiniental con- 
fii Illation m the case of univalent ions. In the ca.se of bivalent 
ions however, the discrepancies are greater than can be 

l)avi’’'*'“ll In.t it has been shown bv 

Daxics' that decmormal .solutions of the sulphates of copper, 

Tiiin.s. runnhnf S„r. (Ii):>7), Vt.J. X X I I I , j,. 
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zinc, cadmium and magnesium are approximately half dis- 
sociated, a degree exceeding that shown in the table given on 
page 81 . 

This, again, is a matter which calls for some advanced physical 
treatment, but it is beginning to be conceded that we have, in 
the suggestions made, some hope of a clearer view of what is 
taking place in all electrolytes. The phenomena are much 
more complex than was at first thought, and it is being slowly 
and surely unravelled. While we may regard it as unfortunate 
that the matter does not admit of simple treatment, there is 
something to be said for developing a simple conception of the 
process of electrolysis which, while inadequate to account for 
increasing knowledge, at any I’ate gives a working knowledge 
of the operations of electrolysis and provides some simple 
explanation of many of the observed facts. 

A more complete and satisfactory conception of the mechan- 
ism of electrolysis is a])parently a problem of the future. 



CHAPTER XXII 

HI-POLAH KLKCTKODES 


Introduction. In all exam] ties of eloetrolvsis opposite types of 

leactious take place at the two electrodes, anode and cathfxle. 

At the anode the reactions are always of the oxidizing tyite. 

oxygen being evolved or metals taken into solutioii arul 

valencies increased, such, for exam])le. in the oxidation of 

ferrous to ferric compounds and tliose of chromic salts to 
chromic acid. 

At the cathode. I'eactions of the ojtposite tvpe occur. Hydro- 
gen is commonly evolved. Metals are reduced from their 
salts and de])osited. Hexavalent chi'omium is re<iuced to the 
trivalent state in the dichiomate cell and fui'lher to tlie metallic 
loi‘m in the usual method foi- the <le])osition of chromium. In 

the Ibinseti and (h*o\'e c(*lis nitric acid is r(‘duced to tlu' lo\\(‘r 
oxides ot niti()g(Mi. 

Ihese reactions are persistent. W’e do not expect the deposi- 
tion of metal on an anode nor tlie evolution of oxygen at a 
catliode. Moreover, these opposite tyi>es of reactions immedi- 
ately affect the comjiositions of the anolyte and catholyte. 

Sepaxation of Anolyte and Catholyte. In manv examples of 
electro chemical work tliere comes the need for the separation 
of these two portions of the solution. In the Daniell cell the 
copper sulphate must he kept away from the zinc, and in the 
Hrove cell the nitric acid and zinc are necessarily se[)arated. 

Ihis se})aration can l>e. and is, effected in a number of wavs. 
Nometimes 1 he bulk of the electrolyte may constitute a sufficient 
scj)aiatiou. In otliei ca.ses. one of the licpiids may be sejiarated 
roni the other l)y some type of gravitational overflow as, for 
exami)le on some types of alkali cells. A verv common metliod 
IS that of the use of some tyi)e of porous and non-conducting 
medium w iich admits of the Ihiuids establishing electrical 
contact within tlie ])ores of the material without free admixture 
I he usual type of porous ])ot exempHHes this, while on the 
industrial scale porous diaphragms eomiiounded from asbestos 

JUT 
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and cement find application. If any detrimental contamination 

IS likely this can be largely prevented by the adjustment of the 
levels of the two liquids. 

Metallic Diaphragms. There is still the possibility of the use 
of rnetallic diaphragms. These will be quite impermeable to 
^e liquids but they will be conductive. In the simplest case 
rig. 73 shows a copper sulphate solution with copper electrodes. 
An additional thin copper plate (a) is placed between them 
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Fio. 74. Skries System of 
Copper Kefinino 


without any electrical connection other than that which comes 
through the solution. Ammeter and voltmeter attached to the 
cell indicate that the introduction of this thin plate involves 
little or no cliange in the electrical conditions of the cell. 
Inspection reveals the fact that a copper deposit appears on 
the side facing the anode, while that opposite to the cathode 
functions as an anode. Such a plate is called a bi-polar or 
secondary electrode. The only difference introduced with the 
cop})er plate is the substitution of a good conductor in place of 
a very thin layer of the poorly conducting solution, and it is 
assumed that on the secondary electrode the anode and 
cathode efficiencies are theoretical, involving. thei*efore, no con- 
sumption of electrical energy (usually registered in the form of 
an increased P.D.) as a result of secondary changes. 

This principle finds application in what is known as the 
‘'series’" system in copper refining. In Fig. 74 the end plates 
are definitely made anode and cathode as shown. Between them 
are inserted a number of thick plates of crude copper so that 
the current must pass through them, resulting in the deposition 
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of pure copper on the sides facing the anode, and the solution 
of the crude copper from the opposite sides. This ])rocess is 
allowed to proceed until probably three-(piarters of the 
thickness of the original plates has been dissolved away, with 
the accumulation of a similar thickness of pure co[)per on the 
opposite sides. The plates are previo\isly |)iepared so that the 
detachment of the j)ure coi)per deposit from the residual 
crude copper can be easily effected. The detached deposits 
constitute })ure copper for the market, 
while the undissolved portions of the crude 
plates are remelted for further use. The 
system is very largely used on accoimt of 
the very low e.m.f. required to maintain 
coj)per de|)osition under these conditions. 

Many of tliese crude plates are inserted in 
a single cell, the current being used rei)eat- 
edly in the cell with. ho\\ever, a (‘orres 
l)onding increase in the \\\). of the lell. 

While this does not involve any appie- 
ciable economy in electrical energy, it 
has the advantage of reari*anging the 
electrical supply to one of lower current 

and higher e.m.f., which is convenient in the supply of large- 
scale current for this type of work. 

Copper refining l>y the series system thus exemplifies the 
principle of secondary electrodes in designed operation. Un- 
intentionally, however, in other cases in which co|)per deposi- 
tion is being cairied out, it may be possible for some j)ortions 
of a badly connected cathode and one of large and irregular 
size to pick uj) current from the anode and. owing to its'^poor 
contact with the cathode bar, pass it on to an adjacent cathode 
with a good contact to the cathode bar. The point at which 
the current leaves the poorly connected cathode will thus 
suffer loss of metal by anode solution, a condition of things 
altogether undesirable. The correct disposition of cathodes 
with good contacts will avoid the possibility. 

A slight variation of this scheme is that of tlie use of an 
appreciably thick plate of copper (Fig. 7;*)). The electro- 
chemical changes are unaltered, but the substitution of a thick 
layer of highly-conducting copper in place of the relatively 


Kiii. 7.'). 'ruu K 
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poorly-conducting solution will effect a decrease in total 

interna resistance with the anticipated effects on the ammeter 
and voltmeter readings. 

Lead as a Secondary Electrode. In Fig. 73 let the copper 

lilate be rep aced by one of lead. The fact that lead is a poorer 

conductor than copper does not enter into the problem in view 

ot the tact that metallic conduction so far exceeds that of 

solutions. Definite changes on the instrument readings will 

indicate unusual changes in the cell. A reduced ammeter 

reading with increased voltage will find some explanation with 

the ob.served changes within the cell, where again copper is 

dejiosited on tlie .side of the lead jilate facing the anode, while 

im the opposite face of the lead plate the formation of lead 

dioxide with the evolution of oxygen will be the iirominent 

observations. Added to these will be that of the decreasing 

blue colour of the solution with the increased aciditv according 
to the following equation - 

CiiSO, i H^O = Cii + o -P H.,S(), 

In the anode comjiartment of the cell the dejiosition of cofiper 
proceeds norinally as in the copper refining process, while in 
the cathode compartment copper is being extracted from the 
solution. A voltmeter api)lied to the two compartments will 
shov that something of the order of 1*2 volts more is required 
in the cathode comf)artment than in tlie anode comf)artment 
for the maintenance of the same current. This is the e.m.f. 
lequired to effect the chemical change shown in the above 
equation calculated on the principle illustrated in Chapter XU. 

I he substitution of a thick lead ])late offers a new condition 

in that the reduced internal resistance may to some extent 

offset the increased e.m.f. due to the chemical changes effected 

in the cathode compartment. In fact, it is not difficult to 

conceive a sufficiently thick plate to exactly counterbalance the 

increased v^oltage of 1-2, and thus leave the overall electrical 

condition of the cell unchanged, with, however, definite 

changes in its components and chemical constituents of the 
cell. 

In electrode])osition jiractice lead-lined tanks are in common 
use, and with solutions of high resistance and badly-disj)osed 
electi'odes it may easily happen that a shorter electrical circuit 
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may occur by current ‘leaving” the anode and |)as.sing to an 
adjacent portion of the lead lining with the deposition of the 
metal from the solution, the current subsequently passing to a 
portion of the cathode which lies close to the lining. This is a 



frequent experience and is mitigated by the use of tliin wood oi’ 
glass linings over the lead. 

The ])oint is sufficiently illustrated by reference to Figs. 7() 
and 77 and, moreover, it may be recalled from experience that 
similar effects are possil)l(^ and have been observed in a series 




of tanks with a continuous How of electrolyte, especially when 
the P.l). of the process is relativel}^ 

Si^pended Bi-polar Electeodes. So far the hi-j)olar electrodes 
t^onsidered have been fixed. With freedom of motion some 
novel effects are possible even though witliout application. 
Thus Fig. 7s shows a bath similar to that of Fig. 7:h except that. 
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acting as a bi-polar electrode, there is suspended a thin copper 
rod or needle. Under the conditions indicated the end near 
the anode receives a deposit of copper, while loss of metal 
occurs at the opposite end leading to a movement of the rod 
or needle in the direction indicated. 

An amplification of this principle is shown in Fig. 79 in which 
a thin water-tight copper drum is floated between the anode 
and cathode. This requires some manipulation but is achieved 

without much difficulty. The 
drum may be of brass or 
copper sufficiently thin to 
ensure that it is ligliter than 
the solution. Copper is then 
de])osited upon it to bring its 
density to that of the solu- 
tion. Floating is best effected 
by laying it on a solution of 
rather greater density and 
then adding more but some- 
what lighter solution. Further, the glass cell selected should be of 
such dimensions as to admit of the least end movement of the 
drum. The cylindrical surface of the drum now represents the 
extreme ends of numerous rods or needles from the previous 
illustration. A light pointer is attached to move over a scale. 
Current is apjilied. giving rise to a slow, very slow, yet easily 
observed rotation in the direction indicated. 


I A 3 
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Revert next to the case of the lead bi-polar electrode which 
now takes the form of a substantial bar either supported in the 
licpiid or lying on the bottom of the cell as shown in Fig. 80. 

Observation soon shows that one end receives a deposit of 
copper while the other is peroxidized. Between these extremes 
there is a large ])ortion which has apparently remained un- 
affected. The longer length of metallic conductor has more than 
compensated for the volts required to deposit copper on one 
end and oxidize lead at the other end. The lengths of these 
portions are of interest. At the points A and B. at which there is 
no obvious effect, we may imagine the current to have the 
choice of either entering the metal or continuing in the electro- 
lyte to pass on to the cathode. Entering A and emerging at 
B involves the expenditure of 1-2 volts, which is thus an 



BT-POLAR ELECTRO DKS 


:m 


expression of the resistance of the electrolyte over tiiis distance. 
A little thought will show that with a poorly conducting electro- 
lyte the points A and B wiW be nearer together while the reverse 
occurs with a good conducting solution. 

Perforated Lead Bi-polar Electrodes, ('onsider next the (;ase 


of a perforated lead plate substituting copper in tlie original 
exani])le. This is illustrated in Fig. 81 . Topper again is de- 
posited on the face op])osite to the anode and lead dioxide 
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formed on the otiioi- side. l)ut it will he olrserved that those 
effects mis.s a margin an)imd each perforation and. similarly 
to the case shown in Fiy. 80 . the width of the.se margins is 
determined hy the factors which influence the resistance”)f t he 
electrolyte. 'I'lie residt is that shown in Fig. 82 . 

If the perforations are l)rought clo.ser together thes(> margins 

may .so completely overlap that no current pas.ses through 

the plate at all, w Inch therefore ceases to ho a hi-|)olar electrode. 

while, still further, if the |)ertoiatious are small they may he 

sufficient to i)reyent the free admixture of anolyte and eatho'lyte. 

the chosen metal, in this case lead, heing more free from attack 

hy many chemical solutions than might he the case with the 

usual porous clay materials, especially where strong alkalis are 
in use. 

.V wire gauze is an extreme case of perforation, and may much 
more effectiyely separate anolyte and catholyte. 

The Castner Sodium Cell. A conspicuous example of such 

u.se of gauze in an electrolytic cell with a view to separating 
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anode and cathode products is seen in the cylindrical gauze 
placed between the anode and cathode in the fused caustic 
soda from which sodium is recovered. This is depicted in 
Fig. 83. 

At the cylindrical iron anode oxygen is being evolved in 
large quantities, arrangements for the collection of wliich are 

not shown. An equal volume of 
hydrogen is evolved at the very 
near iron cathode in accordance 
with the equation — 

2NaOH = 2Na + H. + 0^ 

The cell is run at a temperature 
of about 350° C., always with the 
risk that the gases if mixed are 
exposed to the possibility of ex- 
ploding by some chance electric 
spark, and wrecking the cell. The 
gauze diaphragm prevents this 
admixture. A normal size of cell 
takes 1 250 amps. Electrodes must 
be close together to keep down 
internal resistance and a simple calculation will show that 
from each 8 to 0 cub. ft. of gas are evolved per hour in this 
very limited space. The gauze is depended upon to effectively 
keep apart these volumes of the two gases. The important 
})oint about this gauze is that it must not under any circum- 
stances act as a secondary electrode, otherwise an explosive 
mixture of gases will occur on both compartments. There must 
obviously be some note of “design in the selection of this gauze 
in order to prevent the mixture of the two gases. The large-scale 
])roduction of sodium in this type of cell is a sufficient expression 
of the measure of success realized in the application of this 
metallic diaphragm. 

Carbon as a Bi-polar Electrode. Carbon is another example 
of a substance highly resistant to corrosive attack of many 
chemical substances and yet of good practical conductance. 
We can imagine it acting in much the same way as lead. One 
interesting case is shown in Fig. 84, in which A represents a 
carbon rod rotating in a space cut in a non-porous and 
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non-coiiducting material such as ebonite. The solution is copper 
sulphate. At first assume the rod to l)e at rest. (V)pj)er will 
be deposited on the surface facing the anode, while oxygen will 
1)6 evolved from the surface facing the cathode, this portion of 
tlie carbon functioning as an insoluble anode. If the rod is now 
turned through ISO degrees tlie copper deposit l)ecomes a 
soluble anode, while the op- 
posite side receives a deposit. 

and this condition of things U a | i — i . 

will continue so long as 1 here 
is co|)per on the sicle facing 
tile catliode. 

The rod mav now be lo- 

tated when, howevei' slioit I 

the period of e\[>osnre ()f I 

any portion of tin* carbon ^ ' I — 

rod to the anode, it will CKAi'imi; 

,,,,,,, I • I AS ni-IM)LAI{ I-:!.!:- I KOIH; 

leceive some copper which 

will be dissolved away in the next half-re\'olut ion. and so the 

lotating carbon rod will function as a rod of copper acting as a 

secondary electrofle witliont necessitating a higher IhT). to 

maintain a constant current as wouifi Ik* tin* case if the rod 
were at rest. 

I hrit this actually happens is shown in the data (nnhodi(*d in 
I al»le \jX X X I and olitained from such an (*\ |)e! iment . 
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"Fhe higher figures for no diaj)hragm are due to the narrow 
section of the electrolyte which, with the rotating diaphragm, 
is occupied by a relatively good conductor. 

The case is at least an interesting one even without immedi- 
ate application. 

Mercuiy as a Metallic Diaphragm. Even the element mercury 

has found api)lication as a conducting diaphragm in an electro- 
lytic process. This is in the t^astner-Kellner cell for the produc- 
tion of chlorine and caustic soda 
by the electrolysis of brine. This 
process is described and illus- 
trated in many text-books and 
so need not be detailed here. 
Ihietly. however, it may be said 
that from suitably dis])osed 
carbon rods current is ])assed 
through brine with the evolution 
of chlorine at the carbon rod 
anodes. The cell comprises two 
compartments separated by a . 
wall through the bottom of which there are o|)enings on the 
floor level of the cell. Opposite to this wall there is a depression 
in the floor of the cell into which is introduced a quantity of 
mercury sufficient to fill the groove and cover the floor to a 
dc])th sufficient to ])revent liquids on either side of the wall 
from mixing. On the other side of the wall in the other com- 
partment there is a solution of caustic soda in course of ])re[)ara 
tion, the current ])assing on to an iron cathode. This is dia- 
grammatically shown in Fig. So. 

From the anode current ])asses thi‘ough the aiiol^'te and into 
the mercury on the floor of the cell, sodium being deposited 
into tlie mercury. A gentle rocking motion imparted to the cell 
keeps the mercury in motion so that the sodium is spread into 
the cathode compartment. Current leaves the mercury in the 
cathode com|>artment with the accompanying solution of the 
sodium anodically and the evolution of hydrogen on the iron 
cathode which is |)ermanent in the caustic solution. Unless, 
therefore, there is always a sufficiency of sodium in the mercury, 
the latter metal will be oxicbzed with the production of black 
mercurous oxide whicli involves appreciable annual loss of 
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mercury detrimental to the economy of the process. In other 
words, while the metallic mercury diaphragm is essential, as the 
current a|)j)ears to leave it in the cathode compartment, it 
must do so only bv the anodic solution of the contained sodium 
aTid not from the mercury itself. The mercuiA' must not 
function as a bi-polar electrode. Incidentally, it may be cor- 
rectl}* surmised that the dej)osition ot sodium in the jnercury 
in the anode com[)artmeut does not take place with an efficiency 
e(iual to that of its solution from mercury in the cathode end 
of the cell. There is thus a deiicien(*v of sodium in the mercury 
in comi)aiison with the cuirent passing, and this leads to the 
attack of the mercury in tlie cathode c*ompartment. To avoid 
this erroi*. the current in the anode section of the cell is boosted 
uj) to the extent of about in per cent of the total by the use of 
an auxiliary generator w liich passes additional current through 
the anode compaitment only, collecting it from the mercury. 
The reactions in the two compaitments are thus balanced. 
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, transformation of, 133 
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conductance, 71 

, effect of dilution on, 76 
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, table of. 72 

Eutectic, 57 

Exothermic changes. 137 

Fakaday’s laws. 2, 22 
Faraday, the, 27 
Flocculation, 279 
Freedom of ions, 9, 113 
Free energy. 153 
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of alloys, 57 
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Gas cell, 156 

constant, 39 

coulometers, 28 

, definition of, 40 

laws, 34 

^ deviations from, 40 
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of alkali ions, 109, 285 

mobilities, absolute, 115 
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.specific, 113 

pressure, 165 
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Lead-tin alloys, deposition of, 276 
, thermal behaviour, 
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